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Developmental changes in the distribution.and. 
diet-of.Nucella lapillus (L.) 
frcm a mussel doninated shore. 
by 
Jean Harris 
Aspects of the developmental biology of an intertidal predatory 
gastropod, Nucella lapillus were investigated for a population located 
on a mussel dominated shore at ^^ihitsand Bay, Cornwall. 
A field sampling programme revealed that the centre of abundance of. 
small Nucella {<3.4mm) occurred at lower shore levels than that of a l l 
larger individuals and the egg capsules. Laboratory studies 
danonstrated that hatchlings are both negatively geotactic and 
phototactic, directing than upshore and into crevices. 
The relative profitabilities of four different sized mussels to four 
developmental stages of Nucella v/ere investigated using both ability to 
promote grov/th and energy gain per unit handling time (E/Tj^) as 
measures of prey value. The response curves were similar m that 
proportionately large and small prey were less profitable than medium 
sized prey with the optimal prey size increasing with predator size. 
However the most profitable size according to the E/T^^ model was 
larger than in the grovrtli rate model because large meals appeared to be 
less efficiently utilized. 
An ontogenetic- shift in prey size selection was danonstrated in 
laboratory and field, the results of which were more accurately 
predicted by the grcwth rate model of prey value. Predatory events in 
the field were investigated using borehole dimension as an index of 
predator size. 
The feeding and growth of Nucella were investigated at differing 
periods of tidal atiersion. Growth rates were substantially reduced at 
anersion periods of above 30%, but these could not be wholly 
attributable to reduced feeding rates. 
Field growth trials danonstrated that a matiore size could be reached 
in 19-21 months, that growth does not cease at maturity, and that 
jxiveniles grow throughout the year. A strong correlation existed 
between growth rate and environmental temperature. Growth rates in the 
field were about 75% those in the laboratory, suggesting few 
constraints on foraging in the field. 
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CHAPTER 1 INTRODUCTION 
The predatory whelk, Nucella laiPillus (L.), is ccnmon intertidally 
on rocky shores, where i t feeds predoninantly on other molluscs and 
barnacles. Like most marine snails the embryos are enclosed in 
capsules vrfiich, for this species, are attached to hard surfaces in the 
intertidal zone. Unlike the majority of marine snails in British 
waters development is direct, the young emerge from the capsule as 
small snails without an intermediate planktonic veliger stage. As the 
entire l i f e cycle occurs on the shore, the deyelopmental biology of 
this species can be studied, in situ, from the time of emergence from 
the capsule, as a 1mm hatchling, to matiority, when the mean length can 
range from 17.0 to 47.6mm {Crothers, 1985). 
Although adults of the species have been studied quite extensively, 
{for reviews see Crothers, 1985; Fretter & Graham, 1985), there is 
relatively l i t t l e information regarding the juvenile stage. This is 
somewhat surprising as the juvenile phase, is not short-lived, having an 
estimated duration of two to two and a half years (Feare, 1970a). 
The developmental responses of predators have been largely 
over-looked yet an increased knowledge of the factors influencing the 
biology of juveniles can be viewed as critical to achieving a greater 
understanding of a species as a whole and to the role i t plays'in the 
community. 
As a contribution towards an understanding of the ontogenetic 
changes in the l i f e of a predator, this study investigates the 
developmental changes in the distribution and diet of Nucella, frcxn 
hatchling to adult, as i t occurs on an exposed rocky shore in 
conjunction with one of its major prey, the mussel Mytilus edulis L. 
Since the young and adults of a species might be expected to have 
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differing demands on, and tolerances to, their environment, we might 
expect them to be separated spatially. Among intertidal gastropods, 
intraspecific size gradients along vertical transects of the shore have 
been shown to be of common occurrence (Vermeij, 1972). Such size 
gradients may result fran differential growth rates at different shore 
levels (Seed, 1968; Sutherland, 1970) or fran size dependent mortality 
which varies with height on the shore (Green & Hobson, 1970; Connell, 
1961). For mobile species size gradients may result fran active 
migration of size classes within a population (Frank, 1965; Paine, 
1969; Edwards, 1969; Chow, 1975). 
Intraspecific shore level size gradients among mobile rocky shore 
gastropods were considered by Vermeij (1972) to be the result of 
juveniles being adapted to inhabit the shore level of minimal mortality 
within the range of the-species. He argued that such adaptation could 
arise fran a predictable vertical gradient in the nature and intensity 
of juvenile mortality in the intertidal zone. The daninant causes of 
juvenile mortality were considered to be physical stress in the upper 
intertidal and biotic factors, particularly predation, in the lower 
intertidal. 
An alternative explanation was forwarded by Bertness (1977) who 
suggested that a predator-prey size selection advantage would provide a 
feasible explanation for the evolution of shore level gradients in two 
species of the predatory whelk, Thais. 
In addition to shore level size gradients, the topological 
canplexity provided by a rocky shore, with spatial refuges for small 
snails in crevices, may result in small-scale size-specific differences 
in distribution patterns. 
Previous descriptions of intraspecific shore level size gradients 
in Mucella have been conflicting (see chapter three for review) and a 
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re-examination of the effect of shore height on- the size ccxnpositioh of 
Nucella forms part of this study (chapter 3). 
The egg capsules are large (1cm long), conspicuous and easy to count 
and the lack of a dispersive planktonic phase means that young are 
probably recruited locally. Thus by monitoring the number and 
distribution of egg capsules, along with that of the hatchlings,-early 
behaviour patterns on the shore may be elucidated (chapter 3). 
Before they can grow, developing organisms must acquire sufficient 
energy to exceed their maintenance requirements, and in general the 
rate at which an animal feeds governs the rate of development. Thus 
effective feeding behaviour can be considered a crucial requiranent 
during ontogeny, Among invertebrate predators the time spent procuring 
prey items can range fran being almost instantaneous, e,g. f i l t e r 
feeding bivalves, to being prolonged, e.g. web spinning spiders and 
caddis fly larvae. Nucella falls into the latter category. 
Vlhen feeding on mussels Nucella has to d r i l l through the shell to 
gain access to the flesh, a method of attack onployed by a l l size 
classes. The time spent drilling can be considerable, and depends on 
the thickness of the mussel shell and on whelk size. The drilling 
period represents a considerable investment in each predatory event, 
and whilst drilling the whelk gains no reward for the effort expended. 
Return fran a predatory event, in terms of amoiant of mussel flesh 
ingested, will also depend on the size of the prey relative to predator 
size. The flesh content of a mussel increases with size, but the extra 
effort expended in the drilling process of a relatively large mussel 
may be v/asted i f a l l the flesh is not available to the consumer. 
Thus fran a foraging efficiency viewpoint a l l mussel sizes would not 
be expected to be equally profitable to a given size of Nucella. Since 
the mechanical properties of the drilling and ingesting apparatus will 
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develop considerably on grov/ing fran a liran hatchling to a 30nim adult, 
the same mussel size v/ould not be expected to remain equally profitable 
throughout the developmental phase. 
The present predator-prey system provides an excellent opportunity 
to study the changing foraging conditions as an animal develops without 
the conplexities of varying prey species, ^fc)reover, although 
laboratory studies have looked at the developmental response of 
invertebrate predators on a single species of prey (e.g. Thanpson, 
1975), i t is unusual to find a situation where the predator is exposed 
to, and feeds almost exclusively upon, a single major prey type in the 
field. Aspects of prey profitability have been studied for adult 
Nucella (Hughes & Dunkin, 1984; Dunkin & Hughes, 1984), but l i t t l e 
attention has been paid to the changes that occur during development 
for this, or any other species. 
According to optimal foraging theory (as reviewed, for example, by 
Stephens & Krebs, 1986) selective pressures act upon predators to 
result in the evolution of optimal foraging decisions. One such 
decision, which has received considerable attention, is that of v/hich 
prey items should be included in the diet. Given that not a l l prey 
items are equally profitable to the predator, and provided that the 
predator can recognise different prey items and rank them according to 
sane benefit measure, prey choice should be governed by optimality 
criteria. In most optimal diet studies prey profitability has been 
defined as the net energy reward per unit handling time (Krebs, 1978). 
During ontogeny i t might be expected that the optimal prey size 
vrould increase. This effect was investigated for developing Nucella 
feeding on mussels, using two measures of prey value. In the fi r s t 
instance, working with juveniles provided an opportunity not afforded 
by studies v/ith mature animals; that of taking prey value as the 
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potentiality of the prey to pronote consider growth (chapter 4). 
Reasoning that in juveniles increased growth rates lead to an increase 
in fitness (for review see chapter 4), the most profitable prey size 
will be that which yields maximum growth rates. Provided that no 
energy is partitioned to reproductive effort, energy uptake in excess 
of maintenance demand will be channelled into growth. Although a 
breakdam of the costs and benefits of consuming a given size of prey 
remain imknown, growth rates provide a direct measure of the value of a 
prey item. 
The second measure of prey value was taken as the more usual energy 
gain per unit handling time (chapter 5). This latter measure requires 
the determination of times required to handle prey items of varying 
size (the drilling and ingestion times), and the yield from those prey 
items. In building a model for a single size of predator information 
need only be gained on the mean drilling and ingestion rates and the 
mean reward fran a given prey size. For a developmental response, in 
addition the functional relationships between both drilling and 
ingestion rates and predator size are required. 
If as Nucella develops the mussel prey size providing the maximum 
return i s constantly changing, there would need to be a continuously 
modified foraging response to prey size i f the predator is to forage 
optimally. A developmental change in foraging behaviour requires that 
during ontogeny the snail can recognise the dimensions of its prey and 
respond accordingly, updating its responses as i t grows. 
In this study I test for a developmental response in prey size 
selectivity in simple laboratory experiments, and compare i t with the 
spectra of prey profitability defined both as the ability to promote 
growth and as the energy yield per unit handling time (chapter 6). 
However i t has been recognised (McFarland, 1977) that foraging 
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decisions resulting in optimal foraging behaviour may have to be 
modified in oirder that other facets of an animal's l i f e are 
simultaneously optimized. VJhere conflicting donands on an animal's 
overall behaviour exist, foraging decisions studied in isolation can 
appear sub-optimal. 
Prey size selection decisions in the arti f i c i a l l y benign conditions 
of the laboratory may, in the field, be modified by the need of the 
predator itself to avoid being preyed upon, by the risk of being v/ashed 
off, or by the dangers of temperature and desiccation stress. The 
influence of constraints in the field on the developnental foraging 
response can be investigated using this predator-prey system. 
Permanent records of field predation by Nucella are provided by the 
boreholes, which are characteristic of the species (Fretter & Graham, 
1962), Provided a functional relationship between predator size and 
borehole dimension exists, predatory events in the field can be 
attributed to given sizes of Nucella to test for developmental changes 
in prey size choice in the field (chapter 6). 
Since constraints on foraging behaviour may also be expected to 
result in less than maximal growth in the field, the grov/th rates of a 
marked population of developing Nucella were monitored for one year on 
the shore and canpared with laboratory maxima (chapter 3). 
Finally i t was anticipated that one constraint, that of tidal level, 
may act to alter the optimal foraging solution of prey size selection. 
This effect was investigated in a tidal tank regime (chapter 7). 
It i s the interrelations between juvenile Nucella feeding responses, 
growth and distribution on the shore that form the body of this work. 
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CHAPTER 2 BACKGROUND AND GENERAL TECHNIQUES 
2.1 The Animals 
2.1.1 Nucella lapillus 
Nucella lapillus is a muricid gastropod that lives on rocky 
intertidal shores on both sides of the North Atlantic. Its 
geographical distribution ranges frcm Norway (71°N) to Portugal (37°N) 
on the European coastline (Cooke, 1915) but on the eastern American 
coast its range is more limited, extending from Southern Labrador 
(51°N) to New York (41°N). Moore (1936) related the northern limit of 
N. lapillus to the -1°C winter isotherm and the southern limit to the 
19°C suitmer isotherm. Although not very tolerant of strongly estuarine 
conditions (Moore, 1936; Fretter & Graham, 1985) Nucella have been 
found in salinities as low as 20-28%©in the Severn Estuary (Boyden et 
al. , 1977). 
On the shore Nucella are conmonly found between MHWN and MLWS 
(Moore, 1936; Moyse & Nelson-Smith, 1963; Feare, 1970a; Hughes, 1972; 
Coombs, 1973; Crothers, 1976) and are most abundant around midtide 
level (Moore, 1938b; Moyse & Nelson-Smith, 1963). Although rarely 
foiind below ELWS, Moore (1936) reported occasional specimens recovered 
sublittorally. Connell (1961) suggested that the upper shore limit to 
its range was governed by intolerance to increased exposure to air 
while its lower limit reflected a decrease in the population density of 
its prey; 
Within the tidal zone normally inhabited by Nucella lapillus 
age-specific differences in vertical distribution have been reported 
and variously related to physical disturbance (Moore, 1938b), predation 
pressure (Feare, 1970a) and desiccation tolerance (Coonbs, 1973). 
Nucella are most abundant on shores of intermediate exposure, in 
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extxeme exposure i t is scarce and confined to crevices while on 
extremely sheltered shores i t is absent or rare (Moore, 1935; 
Ballantine, 1961; Moyse & Nelson-Smith, 1963). 
The species is predatory, conmonly feeding on barnacles and mussels 
(Colton, 1916; Moore, 1938b; Connell, 1961; Largen, 1967a) although a 
V7ide variety of molluscs may occasionally be eaten (reported diet 
listed in Hughes & Durikin, 1984; Crothers, 1985). Prey may be detected 
at a distance by olfaction, particularly i f the prey are damaged 
(Morgan, 1972a), but recognition of single prey itons is probably 
through tactile stimuli (Hughes & Dunkin, 1984). 
Nucella attack mollusc prey by boring a hole through the shell using 
rasping movements of the radula and chemical dissolution through 
activities of the accessory boring organ (Fretter & Graham, 1962; 
Chetail & Foumie, 1969; Webb & Saleuddin, 1977). The flesh of the 
prey is ingested through the borehole using the proboscis. Drilling of 
barnacles may occasionally occur although more usually access to the 
flesh is gained by forcing apart the opercular valves of the prey 
(Connell, 1961). 
The sexes are separate (Fretter & Graham, 1985) and fertilization is 
internal (Fretter, 1953). The eggs are laid in vase-shaped capsules 
which are securely attached to rock surfaces, generally in crevices, on 
overhangs or on the underside of stones (Fretter & Graham, 1962). Each 
capsule originally contains 500 to 600 eggs (Pelseneer, 1935) most of 
which are nurse eggs, providing nourishment for the few embryos that 
develop (Fretter & Graham, 1985). The embryos pass through a reduced 
veliger stage within the capsule (Fretter & Graham, 1985) and after 
approximately four months (Pelseneer, 1935) juvenile snails hatch fran 
the capsules. The number of embryos v/ithin each capsule to complete 
development have been variously reported as ten to twelve (Colton, 
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1916), five to forty {Pelseneer, 1935), thirteen to thirty-six {Feare, 
1970a) and twelve to fifteen {Crothers, 1977). 
The newly hatched snails feed on small mussels {Colton, 1916) or 
Spirorbis borealis {?4oore, 1938b), although small specimens of a 
considerable number of barnacle and mollusc species can form part of 
their diet {Largen, 1967a). 
Growth to maturity takes approximately two and a half years {Moore, 
1938a; Feare, 1970a), v/ith adult longevity estimated at five to six 
years. Nucella f a l l prey to a variety of predators, mainly crabs, 
birds and fish {see Connell, 1961 and Crothers, 1985 for references 
therein). 
2.1.2 Mytilus edulis 
• Ihe lameilibranch mollusc, Mytilus edulis is a v/idely distributed 
species of the Northern hemisphere. It occurs in Arctic v/aters 
extending south to California and Japan on the Pacific coasts and to 
North Carolina and North Africa on the Atlantic coast (Seed, 1976). 
The northern limits of the species are closely paralleled by the summer 
limits of the pack ice (Barnes, 1957) and the southern limit coincides 
approximately with the raaximiam surface isotherm of 27°C (Seed, 1976). 
Mytilus edulis is fomd in littoral and shallow sublittoral waters. 
It is a sessile, f i l t e r feeding organism which can live on a variety of 
substrata, fran rock and stones to canpacted mud and sand. It often 
forms a dense covering. The species can flourish in exposed conditions 
(Lewis, 1964) but does not tolerate sheltered fucoid-dcminated open 
coasts. It is able to v/ithstand a v/ide range of salinities, living 
both in open water and brackish estuaries. 
The species exhibits erratic distribution patterns (Lewis, 1964) 
v/hich although possibly due to differences in the physical environment 
are thought more likely to result froTi variations in recruitment 
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patterns, conpetition, predation and detachment (Seed, 1969a). In 
particular the downward extension of the species on the shore is 
thought to be controlled by predators (Seed, 1969b) v^iile the upper 
limit is set by physical factors (Baird & Drinnan, 1957). 
The almost cosmopolitan distribution of Mytilus edulis in the 
northern hemisphere has been attributed to tolerance of a wide range of 
environmental conditions and high reproductive output (Seed, 1969b). 
The sexes are separate, spawning of gametes occurs into the surrounding 
water where fertilization occurs. During larval development, vMch 
takes place in the plankton, dispersion can occur over great distances. 
Bayne (1964) recognised that the lairvae \andergo two separate 
settlements. The primary settlonent takes place after 3 to 5 weeks of ^  
planktonic existence and occurs on filamentoi:is svibstrates, where, the j 
larvae ranain for approximately four weeks (Seed, 1969a), Following 
the primary settlement the larvae pass through another migratory phase 
and are transported by water currents to their secondary settlanent 
site, often existing mussel beds. 
The growth rate of Mytilus edulis is very variable, differing 
between and within localities. In favourable conditions growth can be' 
as high as 57nin/year (rfeson, 1971) or in adverse conditions as lew as 
1.5mm/year (Seed, 1969b), The single most irtportant factor affecting 
growth rate is, probably food supply (Seed, 1976) but other factors 
influence growth, e,g. taiperature (Richards, 1946), population 
structure (Seed, 1969b) and level on the shore (Baird, 1966). 
Eredation contributes significantly to the mortality of M. edulis 
(Seed, 1976), the major predators being gastropods (Kitching et al . , 
1959) crabs (Ebling et a l . , 1964), starfish, fish (Dare, 1976) and 
birds (Milne & Dunnet, 1972), Although tolerant of a range of 
environmental conditions physical factors, for example storm damage, 
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extremes of temperature and excessive s i l t , can contribute to the 
mortality of Mytilus edulis (Seed, 1975). 
2.2 The Site 
An i n i t i a l sxarvey was made of potential field sites along the south 
coast of England stretching fran Looe in Cornwall to Hopes Nose near 
Torquay in Devon. The rocks at Whitsand Bay (National Grid reference 
SX 3952) supported the highest density of Nucella lapillus. Other 
sites V7ere characterised by lov/ densities (less than one per square 
metre) of adults and a conspicuous lack of juveniles and egg capsules. 
Bryan et a l . (1985) have since shown that populations of dogv^elks 
in south-v/est England have been adversely affected by antifouling 
paints containing tributyltin canpounds, and that near centres' of 
boating and shipping activity organotin exposure causes inpDsex in 
adult fonale whelks. Although a l l dogv^elks in the region exhibit 
imposex, the degree varies with organotin exposure; at high 
concentrations the females are unable to lay egg capsules (Gibbs & 
Bryan, 1986). At the time of this study the animals at Whitsand Bay 
were at the "intermediate" stage (Gibbs & Bryan, 1986) so that some 
reproductive success v/as s t i l l possible. 
Whitsand Bay in South Cornwall (plate 1) was chosen as the site for 
a l l fieldwork and the collection of animals for laboratory experiments. 
The bay stretches approximately 7.5km fran Portwrinkle (National Grid 
reference SX 360538) in the west to Queener Point (National Grid 
reference SX 415490), (Fig. 1). It is a south-west facing sandy beach 
enclosed by high c l i f f s of Dartmouth Slate of lower Devonian origin 
with outcrops of near vertical rock protruding fran the sand. Ihe 
outcropping rocks have a south-east facing side that is sloping, 
generally smooth, with a dense cover of Mytilus and a few adult 
Nucella. The north-v/est facing side is nearly vertical, more ragged. 
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Figure 1. Map showing location of Whitsand Bay, Cornwall, I 1 
1 k m 
has considerable gaps in the mussel bed and has a higher density of 
Nucella, both young and adult. Egg capsules are almost exclusively 
laid on this north-west facing side and i t supports a greater variety 
of marine l i f e . Appendix 7 provides a l i s t of the most abundant 
species found within the Nucella zone, 
2.3 Experimental Systons 
2.3,1 Continuous Immersion System 
Itost of the experimental laboratory work was carried out in a systari 
of recirculating sea-water in which the animals were continuously 
submerged. This will be referred to as the "continuous immersion 
system" (Fig, 2), 
Circulation and cleansing v;ere maintained by an Eheim external 
f i l t e r and power unit (model 1026, Peter Golding Ltd,) with an output 
of 12 litres per minute. Four experimental tanks, white plastic trays 
of dimensions 650mm x 390mm x 155rara, were set up with parallel 
circulation. Each tank had an input flcM rate of approximately 0.8 
litres per minute, providing a complete change of water every 30 
minutes. A teraperatxare of 15°C, equivalent to summer and early autumn 
sea temperatures in south-west England (section 3.4), vzas maintained 
using two channels of a triple coil icebank cooler (model 20116, M.K. 
Refridgeration) and a 200 watt immersion heater controlled by a 
separate electronic thermostat (C, Ellson & Co, Ltd,), 
The syston v/as f i l l e d with natural sea-water fran Plymouth Sound 
\*ich was maintained at 34%o by dilution. The water was canpletely 
renev/ed at approximately two monthly intervals. 
As the continuous immersion systan was housed in a general 
laboratory no attanpt could be made to control day-length. The 
laboratory lighting most closely approximated to a summer regime. 
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h e a d e r t a n k 
Figure 2, Diagram of continuous immersion system. 
2.3.2 Experimental Arenas 
Frcm the outset i t was felt desirable to be able to determine 
individual responses to an experimental situation. Therefore 
containers for individuals were needed within the experimental tanks. 
Since I was concerned with snails from Iram hatchlings to 30mm adults 
the nature of the containers had to be suited to the size of the 
predator and its prey. Two types of containers were used. 
i) For hatchlings 
In experiments the hatchlings were accommodated in individual wells 
of a multi-well plate. Frcm hatching to 4mm length a 96 well, flat 
bottcmed plate (Sterilin Ltd.) was used. Each snail and its prey were 
contained in a cylindrical ccmpartment 7mm diameter by 8mm high. The 
animals were prevented frcm escaping by a fine mesh gauze held in place 
by a tightly fitting perspex frame. Only every alternate compartment, 
both horizontally and vertically, was used. The entire apparatus was 
sufcmerged in the experimental tank below the inlet to encourage v/ater 
circulation within each well. Although this systan was successful for 
very small snails and prey,.once the mussels were 4nBn length they could 
move from one canpa2±ment to another. Therefore the apparatus vras 
modified by replacing the gauze top with a 3mm thick sheet of perspex 
drilled with 13 holes (0,5ram diameter) over each experimental 
ccnpartraent (Fig, 3), This system prevented escape but caused higher 
mortality anong the young Nucella. 
i i ) For juvenile Nucella 
Individuals above 4nin in length were hoiised in a cylindrical 
container which was made fran two 50nan diameter plastic petri-dish 
bases acting as l i d and base to a 50mm high tube of s t i f f plastic 
gauze. Where 5iiin Nucella or Mytilus were involved the tube was made 
fran nylon f i l t e r gauze (Henry Simon Ltd.) with a mesh size of 1mm. 
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p e r s p e x f r a m e 
s h e e t o f p e r s p e x 
w i t h a e r a t i o n h o l e s 
m u l t i - w e l l p l a t e 
Figure 3. Isometric exploded drawing of apparatus 
used to house hatchling Nucella i n feeding 
experiments. 
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The cut edges of the gauze were sealed v/ith silicone rubber sealant 
(Dow Coming) and sewn into a tube. For a l l larger animals green 
plastic Netlon with a mesh size of 3mm formed the body of the cylinder. 
These "pots" allowed free circulation of water, provided a surface 
suitable for snails to walk on and for mussels to attach to. 
Observation was easy through the transparent lids. A clear glass 
microscope slide placed on top stopped than floating. In one 
experiment, where 60mm mussels were involved, large pots of the same 
basic design were, constructed using the bases of 85mm diameter 
petri-dishes, and Netlon sevm into a tube 46nin high. Apart fran l i f e 
history individuals (appendix 1) there were no mortalities of vAielks 
within any of these pots. 
2.4 Measuranents 
The length of mussels was taken as the maximum anterio-posterior 
dimension of the shell and the size of v*ielks as the length of the 
shell between the apex and the tip of the siphonal canal. These 
measuranents were recorded to within 0.1 imi using vernier calipers. 
Initial size classes quoted below are a l l + 1mm, with the exception of 
60mm mussels, which were + 2nin, because of their scarcity at "^Jhitsand 
Bay. Weighings of mussel flesh were carried out using a Sartorius 
electronic balance to within Img. 
2.5 Anaylsis 
JiDst of the statistical analyses were performed using Minitab 
release 5.13 on a Prime mainframe. -^Jhere other statistical packages 
were used these are referred to in the text. 
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CHAPTER 3 DISTRIBUTION AND GROWTH OF NUCRT.TA ON THE SHORE 
3.1 IntroductiOTi 
Age-specific differences in the vertical distribution of N. lapillus 
on the shore have been reported in the literature. Moore (1938b) found 
that although capsules were laid at the san^ level as adults (from MEL 
to MHWN) the youngest animals occurred at much lower levels, around 
MLWS. Following emergence from the capsule hatchlings were thought to 
be washed downshore by water movements, where they retained to feed and 
grow, migrating upshore to the adult zone at a size of 8 to lOrran. 
In contrast Feare (1970a) found hatchlings at the same shore level 
as adults, where they ranained for their f i r s t winter. In the 
following summer the juveniles were reported to migrate upshore and 
return to their original level during their second year. The upshore 
migration of juvenile vdielks had the effect of protecting the 
vulnerable small size groups frcm crab predation. 
A contradictory age-related distribution pattern was observed by 
Coombs (1973). Nucella of less than- 16mm were generally found at lower 
tidal levels than larger vAielks and were thought to migrate back 
upshore at about one year old. Coonbs related this pattern to the 
observation that small whelks, although more tolerant of fluid loss, 
lost water more rapidly than adults. The natural zonation levels were 
thought to reflect the age-dependent ability of the v*ielks to withstand 
exposure to desiccating conditions.. 
A year long sanpling programme was conducted at Whitsand Bay with 
the aim of detecting seasonal and size-specific changes in the density 
of N. lapillus in relation to its vertical shore position. 
For the same rocks the temporal and spatial distribution of egg 
capsules were monitored to identify possible movement patterns of the 
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young snails following hatching.. Sane preliminary behavioural studies 
were conducted on newly hatched Nucella and related to their observed 
distribution on the shore. 
There are few reports in the literature of the growth of N. lapillus 
on the shores of the British Isles, although seme measures originate 
fran the east coast of North America (Colton, 1916; Hughes, 1972; 
Osborne, 1977). In Britain Moore (1938a) estimated growth of marked 
second year individuals both in Plymouth Sound and at Port Erin, but 
due to the difficulties of recovering small snails, estimates of growth 
for f i r s t year whelks were made in the laboratory. The major work on 
field growth rates comes fran that of Feare (1970a) at Robin Hoods Bay, 
Yorkshire, in which, owing to the restricted breeding season, growth 
rates were estimated fran successive size-frequency distributions. 
Growth rates of marked Nucella at Whitsand Bay were monitored for a 
period of one year to provide a basis of canparison with previous 
reports and with rates obtained in laboratory conditions (section 4.3). 
3,2 Field Surveys at Whitsand Bay 
3.2,1 Methods 
3,2,1,1 Sanpling design for occurrence of Nucella and mussels 
The sampling programme was subject to two constraints. First the 
sampling had to be destructive, because although adult Nucella were 
generally clearly visible in or on the mussel bed, or aggregated in 
rock crevices the yomg were often found within or beneath the mussel 
bed, Ranoval of the entire mussel mat and underlying sand necessarily 
limited the area that could be removed without severely affecting the 
rsnaining ecosystem. Second the sampling had to be achieved within the 
two hours that the base of the rocks was exposed at spring low tides 
and as live animals were required, the i n i t i a l processing of the 
samples had to be completed within a maximum of two days from the time 
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of collection. 
The two rocks that were selected for the survey lay just to the east 
of Sharrow Point, National Grid reference SX 393521), a promontory that 
lies about mid-way along Whitsand Bay (Fig. 4). The rocks themselves 
(plate 2) provided the following advantages. They were low on the 
shore and each was isolated being surrounded by sand thus the migration 
of Nucella fran neighbouring areas was limitedi They were fairly 
inaccessible and thus iinlikely to be disturbed by the holidaying 
public. The rocks were of similar size, position and orientation to 
the sea, and together provided an area sufficient for the sampling 
requirements. On both rocks there was a high density of egg capsules 
and so, presumably, young Nucella. 
Samples were taken fran five vertical heights on the rock, the 
lowest being about 30an above the base of the mussel bed and the 
uppemnost one being above the linnit of Nucella, as determined from a 
preliminary sampling exercise carried out in Novanber 1984. This 
allowed for 5 sampling heights each 30cm apart, ranging approximately 
fran just below MLWN to just above MTL. Six replicate transects (A-F) 
were set up (A, B & C on one rock, D, E & F on the other) providing 
thirty samples in a l l (Fig. 5). The rocks were not homogeneous along 
their length, thus in order to eliminate confounding.the effects of 
horizontal rock position and time of year the sampling was randanised. 
Each transect was considered to be made up of a 5x5 spatial array, the 
(i) variable being the vertical height and the (j) variable being the 
horizontal position. The i j position fran which each monthly sample 
was taken was determined by the randomised latin square technique. 
Thus over each five month period, each level(i) would be sampled fran 
each horizontal area of rock(j). Each i j position contained three 
sampling sites, randan number tables were used to select the order in 
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Figure 4, Map showing location of rocks from which samples were taken 
at Whitsand Bay, 
P l a t e 2. View o f sample r o c k s from the c l i f f top, 
IVhitsand Bay. (Note f o o t p r i n t s i n the sand f o r s c a l e ) . 
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Figure 5 Sampling positions on one rock (trsinsects A, B, & e) at Whitsand Bay, 
which tJiese three should be taken. Each transect and each set of three 
was randomised separately. 
A theodolite was used to equalise heights along the length of each 
rock and between rocks. Owing to the shifting nature of the sand 
permanent markers were required. At both ends of each transect and. at 
each height nails were driven into the rock v/herever possible, and the 
position marked with brightly coloured paint. 
To locate the position on the rock from which the sample vras to be 
taken, a string 5m long, with numbered tags every 30cm was attached to 
the nails. Although the rock surface showed considerable 
irregularities the method proved to be sufficiently accurate and 
robust. 
3,2.1.2 Treatment of samples 
Each sample consisted of the area contained within a 10 x 10cm 
quadrat. Broadly speaMng there were four types of surface covering; 
mussels, Balanus perforatus Bruguiere, small barnacles and bare rock. 
Areas of mussels or perforatus were cleared completely whereas 
patches of small barnacles and bare rock were searched for 
inconspicuous individuals, particularly those located within aipty 
barnacle shells. Samples were removed with a trcwel, care being taken 
to minimise damage to the individual mussels. Underlying sand was also 
collected and the whole transferred to polythene bags, returned to the 
laboratory and stored at 10°C until processed. 
Each sample was washed. \Hider a continuous flow of tapwater into a 
2mm sieve underlain by a 0.5mm sieve. The mussels were washed free of 
sand and the byssus threads broken. The contents of the 2ram sieve were 
examined and the following noted for each sample. The wet weight of 
Mytilus and Balanus perforatus. The length (to nearest 0.1mm) of a l l 
live and dead Nucella. The length (to nearest 1mm) of a l l dead and 
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drilled whole and half Mytilus shells, and similarly the length of a l l 
dead and undrilled whole and half Mytilus shells. The nimiber of 
Mytilus shell fragments with a d r i l l hole, and the frequency with which 
complete Mytilus shells had a single d r i l l hole, or a d r i l l hole on 
each valve of the shell. 
The drilled Mytilus shells were saved for bore-hole size analysis 
(see section 6.4). The thirty samples for each month were processed in 
this way within 48 hours of collection. The contents of the 0.5mm 
sieve were transferred to small labelled petri-dishes, covered in a 
fine gauze and placed in the continuous immersion syston (section 
2.3.1). Within a further two days these samples were searched using a 
binocular microscope for the presence of small live and dead Nucella. 
No sub-sampling was employed throughout. 
3.2,1.3 Mapping of Nucella egg capsules 
Mapping of Nucella egg capsules on the Whitsand Bay sampling rocks 
was carried out at roughly two monthly intervals beginning in early 
March 1985 continuing until February 1986. No sampling was possible in 
January 1986 as high seas prevented access to the rocks. The area 
mapped included a l l the sample area plus 30cm above level five, 30cm 
below level one and 1m out frcxa the edges of transects A, C, D & F, 
2 
providing an area of approximately 61m . 
Egg capsules are laid in fairly discrete clusters, an egg capsule 
site was defined subjectively as a group of egg capsules that were 
moderately continuous. The following characteristics of each egg 
capsule site were noted; the number of capsules per cluster, where 
capsules were in inaccessible positions or covered by adult whelks an 
estimate of the ntimber was made. The number of capsules frcm which the 
yomg had hatched, characterized by the lack of an apical plug and a 
complete loss or reduced number of visible young within the capsule. 
-26-
Thirdly, the co-ordinate position of the centre of each cluster, 
defined in relation to the vertical level and horizontal distance along 
each transect as established for the monthly sampling prograitme 
(section 3.2.1.1). 
Following the report of reproductive failure in female Nucella 
caused by tributyltin contamination (Gibbs & Bryan, 1986), egg capsule 
numbers on the same rocks at Whitsand Bay were determined for September 
and November 1987. 
3.2.2 Results 
Sampling continued from February 1985 to February 1986 with the 
cxnission of January 1986 when high seas prevented access to the rocks. 
On most occasions i t was possible to acquire a l l samples, however the 
data for transect B were incomplete owing to spring and autumn storms 
washing away the sand at the base of the rock and also to the nature of 
the rock at that transect which presented a slight overhang. 
3.2.2.1 Live Nucella 
2 
Ihe mean number of live Nucella per 100cm sample was 2.54, variance 
13.35, indicating the aggregated nature of the population. Of the 334 
samples taken a high proportion (38%) had no live Nucella thus in a l l 
the analyses the data fran the replicate transects were pooled. Even 
so, the counts were s t i l l too low and variable to permit the analysis 
of interaction between the three variables of interest; level on the 
shore, month and Nucella size. General trends could only be elucidated 
when data from either one or two of these variables were pooled. 
As Nucella cannot easily be aged (but see Feare, 1970a; Berry & 
Crothers, 1968; Coombs, 1973), the present work was concerned solely 
with the sizes foiand. The size frequency distribution of a l l live 
Nucella (Fig. 6) illustrated that although there were large numbers of 
hatchlings the numbers in each mm size category ranained relatively 
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Figure 6. Size frequency distribution of a l l l i v e 
• Nucella (n = 847) found in 334 samples collected 
from Whitsand Bay for the period February 1985 to 
February 1986, (mm size class categories). 
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stable until the adult size was reached. A linear conbination of size 
classes was tmsatisfactory for the present analysis since the anphasis 
was put on the adults, so an exp 0.6inm size class interval was 
employed, giving the categories; 
size class(mm) size range(mm) approximate stage of l i f e 
e° - e°*^ 1.0- 1.8 hatchlings 
e^-^-e""'^ 1.9- 3.3 post-hatchlings 
1 2 1 8 
e'*^-e 3.4- 6.0 young 1st.years 
e"**^  - e^*^ 6.1 - 11.0 older 1st. years 
2^.4 _ 3^.0 ^^ ^^  _ 20,0 2nd.years 
> e^*° >20.0 adults 
This provided (Fig. 7) a more even distribution of frequencies 
within each size class with the emphasis on the young, Ihe age of the 
size classes approximate those found by Feare (1970a), These size 
classes are generally used throughout the following discussion, 
Ihe total number of live Nucella (Fig, 8) was relatively constant 
for the months February to June with an increase in July and 
particularly in August, The seasonal effect on the size-frequency 
distribution of the three smallest size groups (Fig, 9) showed that 
although trickle hatching occurred throughout the year the peak of 
hatching was between July and August, 
Ihe numbers found at each level illustrated a peak in the middle of 
the sampling range (level three) and although samples could not be 
taken lower than level one owing to sand cover, at the upper region 
adult Nucella were seen to occur above the highest sampling level so 
this does not represent the upper limit of their vertical range. 
Both size and level on the shore significantly affected the 
distribution of a l l live Nucella for a l l months combined. While the 
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Figure 7. Size frequency distribution of a l l l i v e 
Nucella (n = 847) foxmd in 334 samples collected 
from Whitsand Bay for the period February 1985 to 
February 1986, (e^ '^^ mm size class categories). 
Nucella size classes; 
1 1.0 - 1.8 mm 
2 — 1.9 
-
3.3 mm 
3 =: 3.4 - 6.0 mm 
4 6.1 - 11,0 mm 
5 = 11.1 - 20.0 Trnn 
6 > 20.0 mm 
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Figure 8. Seasonal variation in the numbers of l i v e 
Nucella found in samples from Whitsand Bay. 
(Transect B has been omitted to equalize nvimber 
of samples for each month). 
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Figure 9. Seasonal variation in the numbers of l i v e Nucella in the 
three smallest size classes, sampled from Whitsand Bay, 
two smallest size classes peaked at level two (Fig. 10), a l l larger 
whelk size groups peaked at level three-. There was a significant 
difference in the vertical distribution of whelks smaller than 3.3mm 
and those larger than 3.3mm (Kblmogorov-Smimov test, D =0.12, 
P<0.005). 
At a l l times of year the whelks were not dispersed at random (Fig. 
11a). Seasonal changes in ^fc)risita's index of dispersal indicated that 
for a l l sizes combined the individuals were less aggregated in the 
summer than in -the winter. Since hatchlings originate from a point 
source their distribution is forced to be aggregated, with removal of 
hatchlings (whelks < 1.9mra) fran the calculation, the seasonal trend 
becomes more apparent (Fig. l i b ) . 
3.2.2.2 Dead Nucella 
Over 40% of a l l samples contained one or more dead Nucella. During 
the winter and spring the numbers of dead Nucella found were generally 
low, death of hatchlings in August and post-hatchlings in Septanber and 
October (Fig. 12) contributed largely to the increase in numbers of 
deaths in late summer and early autumn. 
The ratio of dead : dead + alive Nucella was consistent for levels 
one to four but rose slightly at level five (Fig. 13a). Size dependent 
death was fairly constant fran 1-11mm, declining shairply for whelks 
larger than 11mm (Fig, 13b) and the seasonal trend (Fig. 13c) can be 
accounted for by -the high mortality of hatchlings. 
3.2.2.3 Drilled Mytilus 
For each sample the size frequency distribution of drilled mussel 
shells and drilled half shells was noted. Since i t was not known hov/ 
frequently a mussel wquld be drilled on both valves i t was necessary to 
establish the likelihood that a single mussel valve wi-th a d r i l l hole 
was the result of only one predation event. One thousand canplete 
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Figure 10. Distribution of l i v e Nucella. classified 
according to size, in relation to shore level at 
.Whitsand Bay, (level 1 i s the lowest shore level), 
Nucella size classes,; 
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Figure 11. Seasonal variation in Morisita's index 
of dispersion for samples collected from 
Whitsand Bay. 
a) for a l l l i v e Nucella 
b) for l i v e Nucella >1.9 mm. 
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Figure 13. Proportion of deacJ Nucella to total 
Nucella foxand in a l l samples from Whitsand Bay 
in relation to a) shore level, b) Nucella size, 
c) month of year. 
(Nucella size classes as defined in figure 7). 
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shells with at least one hole, collected fran the field, yielded only 
4.7% with a d r i l l hole on both valves, so levels of predation are taken 
to be the nimibers of canplete and half shells canbined. The number of 
drilled mussels per level closely reflected the number of Nucella 
present (Fig. 14a). The most frequent size class was 21-25ram (Fig. 
14b). 
V/hile large drilled mussels (>25mm) were evenly distributed between 
the five shore levels (Fig. 15), small (<16mm) mussels were found 
significantly more frequently at lower levels than medium-sized mussels 
(16-25mm), (Kolmogorov-Smimov test, D = 0.151, P<0.001). The mean 
wet weight of mussels per sample, for a l l transects and a l l months 
canbined (Fig. 16) increased linearly with height on the shore. The 
number of drilled mussel shells per kg v/et weight of mussels was 
calculated as an approximate index of predation pressure. On a 
seasonal basis, feeding pressiare was highest in May, declined through 
the summer and rose again in autumn (Fig. 17a). Feeding intensity was 
high at levels one and two and f e l l sharply with increasing height on 
the shore (Fig. 17b). 
3.2.2.4 Egg capsules 
The seasonal occurrence of egg capsules at each shore level are 
given in figxare 18. Since capsules ranain on the rocks for 3-4 months 
between being laid and hatching (Pelseneer, 1935) data for successive 
bi-monthly samples overlap to sane extent. Unfortunately only 
transects A, B & C v/ere counted in July, but as the numbers found at 
each level agreed closely with those found in the same transects in 
Septanber, i t can be considered that the overall trend for July would 
have reflected that for September. 
With the frequencies re-scaled to account for the number of 
transects taken (Fig. 19) i t can be seen that a major spa';<7ning occurred 
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Figure 14. Total n\amber of d r i l l e d mussel shells sampled from Whitsand Bay 
for the period February 1985 to February 1986, according to a) shore level 
(dashed line i s the distribution of l i v e Nucella. and b) mussel length. 
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Figure 15. Distribution of a l l d r i l l e d mussel 
shells, classified according to size, i n 
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Figure 16, Effect of shore level on the mean 
(+ S.E.) wet weight (g) of mussels per 
100cm sample, collected from Whitsand Bay, 
for a l l months combined, (Each point i s 
the mean of > 60 seonples). 
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Figure 18, Seasonal variation in the occurrence of Nucella egg capsules 
on the sample- rocks at Whitsand Bay, in relation to height on the 
! shore, (Level 1 ig, the lowest shore level). 
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Figure 19. Seasonal changes in the number of egg 
2 
capsules coxonted on an area of 61m of rock at 
Whitsaund Bay. Numbers have been adjusted to take 
accotmt of the number of transects counted.. 
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between early May and early July, by early September most of these 
capsules were empty. Between early September and early November 
another major spawn had taken place, with spawning continuing 
throughout the winter, and by February 1986 roughly a third of the 
autxjmn spawned capsules had hatched. The discrepancy between the March 
1985 and February 1986 data suggest a similar large spawn did not occur 
in the autumn of 1984. 
The proportion of capsules at each level indicated that the spring 
spa™ was low on the shore (in May more than 95% of capsules were belov; 
level three) with spawning sites beconing progressively higher on the 
shore as autumn approached. By November, when a major nev/ spawning had 
been initiated, less than 34% of capsules were below level three. 
Egg capsule numbers in Septonber 1987 were one sixth of those found 
in Septanber 1985, and in November 1987 the number of capsules 
represented only 4% of the number found in November 1985 (Fig. 19). 
3.2,3 Discussion 
In coninon with other N, lapillus populations (Feare, 1970a; Hughes, 
1972; Crothers, 1985), when considering the population larger than 5mm, 
the largest size classes were of highest frequency, suggesting high 
juvenile mortality and longevity of adults. Age specific mortality 
rates, calculated as the nvunber dead as a percentage of total whelks in 
each size group, were consistently IcMer than those determined by Feare 
(1970a) frcm counts of survivors in successive years; 
Present study Feare 
ist,year mortality 37,5% >90% 
2nd.year mortality 11.5% 52% 
3rd+year mortality 0.4% 27% 
o 
However the present study recorded only those v^elks that died and 
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remained within the mussel bed, no account was taken of v/helks washed 
off the rocks by wave action or taken in predation. 
Hatchling siorvival can be estimated frcxn the observed density of 
live hatchlings and observed density of hatched egg capsules, taking a 
mean of twelve live enbryos per capsule (section 2.1.1). Within 
approximately the f i r s t month of l i f e , of those potentially present, 
90.0% of hatchlings died in Septanber 1985 and 90.2% in Febiruary 1986 
(table 1). Since Feare's (1970a) estimate of f i r s t year mortality did 
not account for hatchling mortality during the f i r s t two months of 
l i f e , overall mortality during the young juvenile stages must 
considerably exceed 90%. The observed density of dead hatchlings in 
the samples accounted for only 3% in Septonber and 2.7% in February of 
a l l hatchlings potentially present. Combining the observed dead with 
those found alive results in the majority of hatchlings (87% in 
Septenber and 87.5% in February) xinaccounted for. Their most likely 
fate was that they were washed off the rocks, either into the sand or 
into the sea. Additionally the polychaete Eulalia viridis (I-Iuller), 
ccramon on the mussel beds at Whitsand Bay and reported to prey upon 
capsule contents (Feare, 1970a), may have contributed to hatchling 
mortality. 
Juvenile Nucella shells were often found deep within the mussel mat, 
scxnetimes entangled by byssus threads, but there was no evidence that 
this provided a significant source of mortality for adults as suggested 
by Petraitis (1987). Complete d r i l l holes indicated that sane deaths 
of juveniles could also be attributed to intra-specific predation. 
Damaged juvenile shells, indicative of crab predation (Feare, 1969), 
were not found in the mussel bed samples suggesting that although 
juvenile Carcinus maenas (L.) were present they did not contribute 
significantly to the mortality of juvenile Nucella. 
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Sept.'85 Feb.'86 
2 
Number observed egg capsules i n 61.2m 13089 6881 
Number pot e n t i a l l i v e embryos hatched 157068 82572 
(at 12 embryos/capsule) 
2 
Density of poten t i a l hatchlings/m 2566 1349 
Number observed l i v e hatchlings 77 33 
2 
Area sampled f o r hatchlings (m ) 0.3 0.25 
2 
Density observed l i v e hatchlings/m 257 132 
Observed hatchling survival of a l l 10.0 9.8 
potential hatchlings (%) 
Number observed dead hatchlings 23 9 
2 
Density observed dead hatchlings/m 77 36 
Percentage of a l l potential hatchlings " 3.0 2.7 
found dead 
Percentage of hatchlings unaccounted f o r 87.0 87.5 
Table 1. Values used to estimate hatchling mortality. 
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Field observations provided evidence of adult mortality fran at 
least two sources. Following severely stormy weather sand surrounding 
the rocks were strewn v/ith adult Nucella. On one occasion 
approximately f i f t y such v/helks were collected and returned to the 
laboratory, the majority were dead. Menge (1978a) similarly found wave 
shock to be a source of mortality for N. lapillus at exposed sites. On 
at least three occasions there was evidence of recent Nucella predation 
by birds. Groups of adult v^elks (as many as forty)^ surrounded by 
bird footprints, were found turned over in the sand with their 
operculum and part of the body contents removed. This method of attack 
coincides with that of oystercatchers (Feare, 1971 b) which were 
frequent visitors to ^^itsand Bay fran September to February in the 
vanters of 1985-6 and 1986-7. Although adult Nucella were frequently 
seen with attonpted d r i l l holes in their shells, particularly 
noticeable in May 1985, only one was found that had canpletely 
penetrated, indicating that intra-specific predation was an unimportant 
source of mortality for adults. 
Reports in the literatixre of the frequency and timing of spawning 
periods for N.lapillus accord in essence with the results presented 
here but differ in detail, possibly reflecting climatic variation 
between locations and frcm year to year. As at ^'Jhitsand Bay, some 
populations spawn throughout the year (Moore, 1938a; Pelseneer, 1935; 
Crothers, 1966), and the. spring spavming occurred sometime between 
early May to early July, sonewhat later than reported elsewhere;"winter 
to spring (Moore, 1938a), from January to April (Pelseneer, 1935), in 
April and May (Feare, 1970b), end of February to late April (Boyden et 
al., 1977) and February to March (Crothers, 1974). 
At I'Jhitsand Bay the second autumn spawn, which occurred between 
Septanber and Novanber of one year, was as large as the spring spawn. 
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Similarly Crothers (1985) reported occasional spawning activity in 
August, Pelseneer (1935) quotes Septanber and Moore (1938a) related a 
sharp drop in body dry weight between October and November to another 
possible major spawning period. From a histological study of the 
gonads, Feare (1969) noted that in each of two years Nucella displayed 
a second peak of gametogenesis, but i t only resulted in a second 
spawning in July and August of one year. Frcm this Feare (1969) 
suggested tliat the potential for a second spawning may only be realised 
when climatic conditions are suitable. 
Capsules laid between May and July were almost a l l empty by early 
Septanber coinciding with a peak in the number of juveniles present on 
the rocks in August. Thus development time within the capsule, for the 
spring spawning, was a maximum of three months, shorter than the four 
months quoted for tanperate latitude whelks (Pelseneer, 1935, Feare, 
1970a). Development time for the autumn laid capsules was longer, only 
37% had hatched after a minimum of three months. The hatching of young 
Nucella in August coincided with the major mussel settlanent at 
Whitsand Bay. Bi-^nonthly sampling of the mussel population on the 
other side of the rocks frcm vdiich the Nucella were sampled here, shows 
that the main spat f a l l occurred between July and Septanber (Fig. 20, 
data kindly supplied by C. Worrall, Plymouth Marine Laboratory). The 
tanporal synchrony between Nucella hatching and mussel spat-fall 
results in there being an ample supply of young mussels for the newly 
hatched Nucella to feed on. 
Annual fanale whelk fecundity can be estimated frcm the present data 
as the density of egg capsules for September and February combined 
(since these were two distinct spawns), divided by the density of adult 
whelks (>25ram). Assuming an equal proportion of nales and females 
within the adult population, a value of twenty capsules per female per 
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year was calculated. This estimate is considerably lower than one made 
in the last centixry of 200 capsules/fomle/year (Cooke, 1895, cited 
Colton, 1916) and i s less than half of a more recent estimate of 
forty-seven capsules/fenale/year for a population in Nova Scotia 
(Hughes, 1972). This apparent reduction in fecundity may represent the 
beginnings of reproductive failure following exposure to tributyltin 
contamination (Gibbs & Bryan, 1986). The dramatic drop between 1985 
and 1987 in the numbers of egg capsules laid on the shore supports the 
view of Gibbs (pers. ccoim.) that during this time the population of 
Nucella at '^/hitsand Bay was transitioning between the 'intermediate' 
and 'late' stages of imposex (Gibbs & Bryan, 1986). 
Although throughout the year v^elks show sane degree of an 
aggregated dispersal pattern, this was most narked in the winter. 
Summer aggregations, of the type found by Feare (1971a) were not 
evident, probably due to the topography of the rock offering sane 
protection from water movement. In Yorkshire the pre-breeding 
aggregation was foiand to merge with the .non-feeding winter aggregation; 
egg capsules were laid between April and May and emergence fran 
aggregation sites occurred in May and June (Feare, 1971a).-
There was circumstantial evidence that the timing of these two 
events may differ in South-West England. In the present study the 
concomitant drop in the Morisita's index of dispersal and the rise in 
predation intensity occurring between mid-April and mid-May suggests 
that during this period v^ielks were emerging fran their winter 
aggregation and canmencing to feed. This apparent increase in activity 
was substantiated by field observations, v^ch in early May noted that 
whelks were out and actively foraging. Yet at this time few egg 
capsules had been laid. 
IWo explanations can be forwarded. Firstly since fonale gastropods. 
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are able to store sperm (Fretter & Graham, 1962; Palmer, 1984), they 
may be fertilized within the winter aggregation, undertaking a period 
of foraging before spawning. Alternatively the increase in foraging 
activity and reduction in the dispersal index may have been due to the 
activities of the males only, leaving the fanales v?ithin the 
aggregation sites to spawn. The latter explanation would seem the less 
energetically viable since i t requires the fenales to expend their 
maximum reproductive effort at the end of a period of reduced feeding 
activity. 
Although the present sampling programme covered a narrow vertical 
range canpared to that inhabited by Nucella on other shores (section 
2.1.1) some comments can be added to observations cited in the 
literature concerning developnental changes in the vertical 
distribution of this whelk. 
There was no evidence to support the view that f i r s t year whelks 
migrate upshore of the adults as shown by Feare (1970a) at Robin Hood's 
Bay, or that they are found lower on the shore than adults as at 
Blackrock, Sussex (Coonbs, 1973). At Whitsand Bay the only significant 
age-specific difference in vertical distribution was that small Nucella 
(<3.3ram) were found lower on the shore than a l l larger V7helks. 
Movanent of hatchlings follov/ing anergence fran capsules can be 
inferred frcm data concerning the spring spawn. The relative abundance 
of hatchlings (<3,3nm) at a given level in the July and August 1985 
samples canbined, most closely reflected the number of hatched capsules 
in Septanber 1985 in the area immediately above that level (Fig. 21). 
The present results can be interpreted in the same way as the 
observations of Moore (1938b) (section 3.1), that newly hatched whelks 
are washed to lower levels, and crawl upshore at a later period. 
However, whereas Moore believed the snails to be 3 to lOmra v/hen they 
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Figure 21, Effect of shore level on the number of 
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migrated upshore, here a l l snails larger than 3.4mm had the same centre 
of distribution. A similar shore-level size gradient was found at 
Rhossili (appendix 4) where small whelks (<7ram) formed a greater 
proportion of the population at lov7 tidal levels than at high tidal 
levels. Since hatchlings display negative phototactic and negative 
geotactic responses (section 3.3), their behavioural characteristics 
tend to ensure that they regain height on the shore and lead than into 
crevices, protected from vrater movenent. 
3.3 Behaviour of Hatchlings in the Laboratory 
3.3.1 Method 
A limited series of experiments were carried out to monitor the 
movements of individual unfed hatchling N. lapillus in an a r t i f i c i a l 
environment. Capsules containing ripe embryos were collected fran 
P'Jhitsand Bay and maintained in the continuous immersion system (section 
2.3.1). Within three days of emergence hatchlings were ranoved, their 
shells allowed' to dry and marked with coloured felt tip pens to 
facilitate tracking of individuals. Each hatchling was placed in the 
centre of a square plastic dish (43cm x 43cm) containing sea water to a 
depth of approximately 12mm. The transparent dish overlay mm graph 
paper so that the co-ordinate position of the hatchlings could be 
monitored. 
The position of hatchlings were recorded at regular intervals 
(either every 2 or 5 minutes) m t i l they reached the edge of the tray 
or became quiescent. To ensure that hatchling behaviour would not be 
affected by the vicinity of others, single individuals were added to 
the experimental arena only when a l l others were at least 15cm from the 
centre of the tray. Three ambient tarperatures were employed (18°C, 
21°C and 24°C), and at 21°C, two light regimes, non-directional and 
directional light. 
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3.3.2 Results 
In a l l the movements of twenty-seven individuals were monitored, 
divided between the different temperature and light regimes as folla^s: 
Non-directional light Directional light 
Temp.°C n time- n time-
individuals interval individuals interval 
18 9 5 - -
21 6 2 4 2 
24 8 2 
Following transference to the centre of the dish most animals (n=16) 
had moved by the f i r s t reading, the others renained quiescent for 
between two and thirty minutes (mean = 7 minutes, S.D.= 5.3). A 
Fortran program was written to convert the successive co-ordinate 
positions into length of walk and angle of turn betv;een successive time 
intervals (appendix 8). 
For each whelk' the mean rate of crawling and the mean angular 
deviation was found for the period between the start of movement to 
either arrival at the edge of the dish or until the animal became 
inactive. The mean rate of movement was not affected by tonperature 
within the range used here nor upon the presence of directional or 
mi-directional light (table 2a & c). The overall mean rate of 
crawling was 6.4nm/min (S.D.= 1,9) and on average i t took the 
ha:tchlings 1 hovir 5 minutes to reach the edge of the dish (range 30 
minutes to 2 hours 15 minutes, depending on the tortuosity of path), 
Ihe tracking records of individuals at 21 °C in non-directional light 
(Fig, 22) suggested that the path taken by the whelks was ini t i a l l y 
more tortuous than subsequently. Plots of angular deviations with time 
(Fig. 23) support this view, most individuals changed direction 
frequently during the fi r s t 15 minutes or so, after which the whelks 
follov/ed a fairly straight path. The mean angular deviation vras not 
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Non-directional l i g h t 
a). Crawling rate {mm/min) 
Directio n a l l i g h t 
Temp,°C mean S.D. n mean S.D. n 
18 5.8 1 .5 9 - — — 
21 7.2 1 .3 6 7.4 1 .7 4 
24 6.0 2.6 8 — — _ 
b) Angular deviation (°) 
Temp.°C mean S.D. n mean S.D. n 
18 47.6 15.5 9 _ _ _ 
21 41 .1 1 0.1 6 38.7 1 7.1 4. 
24 55.7 12.8 8 -
c) _t test to compare 
Comparison 
18°C Non vs 21°C Non 
21°C Non vs 24°C Non 
18°C Non vs 24°C Non 
21°C Non vs 21 °C Uni 
means 
Crawling rate 
t d.f. P 
1 .92 13 NS 
1 .10 12 NS 
0.18 15 NS 
0.14 8 NS 
Angular deviation 
t d.f. P 
0.91 13 NS 
2.30 12 <0.05 
1.16 15 NS 
0.27 8 NS 
d) F i n a l p o s i t i o n of hatchlings 
above water at air-water s t i l l became 
Temp.°C surface interface crawling quiescent 
18 6 1 2 0 
21 10 0 0 0 
24 3 2 0 3 
Table 2. E f f e c t of temperature and l i g h t regime on 
a) the mean rate of movement (mm/min) and 
b) mean angular deviation (°) shown by hatchling Nucella on 
a horizontal surface whilst submerged. 
c) t_ tests to compare means (Non=non-directional l i g h t , 
Uni=uni-directional l i g h t ) . 
d) E f f e c t of temperature on the number of hatchlings found 
at d i f f e r e n t positions at the end of each experimental 
run. 
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Figure 22. Tracks of Nucella 
a central point at 21°C i n 
o = p o s i t i o n as noted at 2 
hatchlings released from 
non-directional l i g h t , 
minute i n t e r v a l s . 
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-180 L 
S u c c e s s i v e r e a d i n g s at 2 min i n t e r v a l s 
Figure 23, Successive angular (°) turns (readings taken 
at 2 minute intervals) of six Nucella hatchling 
individvials at 21°C in non-directional light, in the 
laboratory. 
-58-
affected by the light regime but was significantly more tortuous at 
24°C than at 21 °C (table 2b & c). Unlike whelks at 21 °C those at 24°C 
did not settle down to a straight path (Fig, 24) but continued to have 
a high rate of change of direction. 
The final position of hatchlings are shown in table 2d. Only three 
individuals, a l l at 24°C, became quiescent on the base of the dish 
after a mean time of 1 hour 42 minutes. A l l other individuals (n=24) 
on reaching the edge of the dish crawled up the sides. Tv/o v/helks 
(both at 18°C) continued walking horizontally aroimd the dish under the 
meniscus and v;ere stopped more than three hours later. The most usual 
response however was to crawl straight to the air-vrater interface, 
where three individuals came to rest. The ronaining nineteen 
hatchlings crawled above the surface of the water, surrounded by a drop 
of water and became inactive at a mean height of 8.7mm (S.D.= 4.2) 
above the water level. The ten individuals at 21 °C that became 
quiescent above the water level were left over-night and their 
positions re-examined the following morning. None had moved and after 
re-immersion in sea vrater for a further six hours a l l were found to be 
dead. 
Whereas in uniform light the individmls dispersed in randcxn 
directions (Fig. 22) in directional bright light (provided by a sky 
light on a sunny day) the hatchlings showed a definite negative 
phototactic response (Fig. 25), When the directional light stimulus 
was removed the v^ielks mdertook a more meandering path. 
The observed tendency for the animals to show a negative geotactic 
response was tested on a separate batch of thirty newly hatched 
Nucella. The animals were transferred to the base of a 100mm high 
measuring cylinder containing sea v/ater and their position noted at 
five minute intervals. After thirty minutes sixteen snails were at the 
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180 r 
o 
Sucessive readings at 2 min interval 
Figure 24, Successive angular (°) turns (readings 
taken a-t.-2; minute intervals) of three Nucella 
hatchling individuals at 24°C in non-directional 
light in the laboratory. 
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d i r e c t i o n a l l i g h t 
Figure 25, Tracks of Nucella hatchlings released from 
a central point at 21°C in directional light, 
o a position as noted at 2 minute intervals, 
-•j- = ronoval of directional light source. 
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top of the cylinder, nine were s t i l l climbing and five remained at the 
base. Those at the top came to rest either at the air-water interface 
or above the water level. 
3.3.3 Discussion 
Ihe limited observations on the behavioural responses of newly 
hatched N. lapillus can be compared with a larger study on the closely 
related species, Urosalpinx cinerea, by Carriker (1957). As hatchlings 
both species showed a strong negative geotactic response, with a marked 
tendency to crawl through the meniscus and cone to rest above the water 
level. As the film of water surrounding the animals evaporated, the 
animals retracted into their shells and died of dehydration. However 
Carriker found that the number of young d r i l l s that died following such 
emergent behaviour was greatly reduced i f a heavily fouled substrate 
was substituted for glass or a lightly fouled shell. After 6.2 hours 
of exposure 71% of hatchlings stirvived on a heavily fouled surface 
canpared with 100% death rate after three hours on glass. Thus on the 
shore, an intertidal surface overgram with sessile organisms may 
retain sufficient moisture to prevent death of hatchlings by 
dehydration. 
The observed anergent behaviour may be in response to continual 
inversion since Moore (1938a) reported that the anergent tendency of 
newly hatched N. lapillus was prevented i f a tidal regime was supplied 
and that the duration of the tide was imimportant. Thus the emergent 
behaviour may be a reaction to prolonged iimiersion, exhibited for 
example by hatchlings in a rock pool or at s\±)littoral levels. When 
the animals crawl out of the water and dehydrate i t is noticeable that 
they are difficult to re-sink. Conceivably on the shore, the return of 
the tide v/ould have the effect of transporting the floating animals to 
different, aiid possibly more suitable, areas. Carriker (1957) 
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considered that hatchling U, cinerea could be dispersed great distances 
by floating on the surface film or attached to debris and similarly 
populations of N. lapillus may not be so isolated as has been 
previously thought (Beriry & Crothers, 1968). 
Carriker (1957) studied the behavioural response of newly hatched 
dri l l s to directional light of differing light intensity. As with 
young Nucella, the young d r i l l s showed a negative phototactic response 
to the intense light of f u l l outdoor illumination but were positively 
phototactic in moderate illvimination. Thus on sunless days the 
combination of negative geotactic and positive phototactic responses 
would have the effect of directing the animals upshore, so that 
hatchlings washed damshore (section 3.2.3) have the potential to 
regain their original shore height. 
In bright sunlight, with the concomitant dangers of dehydration, the 
negative phototactic response would direct the animals into the shade 
where conditions would also be more moist. The observed mean rate of 
crawling at 6.4mm/minute for young Nucella was similar to that of newly 
hatched U. cinerea, for vAiich the mean rate of movanent of the seven 
most active individuals was measured as 8mm/minute (Carriker, 1957). 
Without allowing for the topological conplexities of the shore, at this 
rate the yomg whelks vrould be able to regain their downward vertical 
displacanent (section 3.2.3) in .under two hours, assimiing immersion 
time to be 50% of total time. Since the upward crawling behaviour of 
young, whelks only occurs v/hen immersed, the length of time available to 
them for upward migration would be a negative function of their tidal 
height. Conceivably the conbined effect of continually being washed 
dov/nshore and crawling up again v/ould be for the hatchlings to maintain 
an intermediate position on the shore. 
In general the i n i t i a l response of the young whelks follov/ing the 
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disturbance of being transferred to the experimental arena vas to 
follow a zig-zag path as i f sampling the environment, and then to 
follow a more direct path. A reduction in the amount of turning has 
the effect of taking animals more quickly into new areas, behaviour 
which has been shown to be associated v/ith hunger in adult Nucella 
(Hughes S Dunkin, 1984). 
The behaviour of hatchlings at 24°C differed from that at lower 
temperatures in that the animals turned mare, i t appeared that there 
was no reduction in the tortuosity of path with time and three of the 
individuals at the higher tanperature became quiescent on the base of 
the tray. It is possible that at 24°C the hatchlings siiffer heat 
trauma, Largen (1967b) having shown that adult Nucella became torpid at 
25°C and entered heat coma at 27°C. 
3.4 Field Growth Rates 
3.4.1 Ifethod 
Growth rates in the field were estimated by monthly mark-recapture 
of uncaged N. lapillus on a specific rock cccnplex at Whitsand Bay. The 
animals were f i r s t put out in September 1986 and a final collection 
made in October 1987. The rock complex, although not isolated, was 
separated by sand on a l l sides fran other rocks, the nearest being 
about 30an. Ihe complex consisted of a vertical rock face (approximate 
dimensions 6m wide by 3m high) and an adjoining series of undulating 
rock ridges at one side (approximately 1.25m high by 2m wide). 
The vertical distribution of encrusting organisms was typical of the 
rocks at Vfliitsand. Due to shifting sand the base of the rocks were 
largely devoid of marine l i f e . The vertical rock face had a fairly 
continuous mussel bed about 1m deep, above v^ch the remaining metre or 
so was barnacle encinjsted. The tops of the rock ridges were largely 
nnassel covered with barnacles and bare rock below. Resident Nucella 
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were largely found in or below the mussel bed zone and on the 
north-west facing side of the rock. Other species present were as 
described in appendix 7. 
At the outset the whellcs were given identification nvimbers using 
quick drying cellulose paint but, due to abrasion in the field, these 
markings v/ere not very permanent. So once the shells were large enough 
their numbers v/ere engraved on the shell and paint applied in the 
grooves. Small specimens were gently filed to remove imbrications 
prior to painting. As the animals grew their numbers became obscured 
by the new grovrt± and so fresh markings were applied to the outermost 
whorl. 
An i n i t i a l batch of 132 measured snails, ranging in size from 6,1 to 
34.7ram, were put out in September 1986 on the north-v/est facing side of 
the rock complex. Snails v/ere placed on the rock at the beginning of 
lov/ tide to allov/ them maximum time for attachment before the inconing 
tide threatened them with being washed off. As far as possible 
resident snails of a given size v/ere replaced, into the same position, 
by numbered snails of a similar size. 
During the following year the site was re-visited at monthly 
intervals, coinciding with spring tides. Each month a thorough search 
(a minimum of two man-hours) was made for the marked snails, 
concentrating on the north-west facing side but including also the 
south-east facing side and the surrounding rocks. Recovery of small 
snails was particularly lov/ and, as they grew, the average size of the 
marked population increased. To maintain a wide range of sizes, each 
month an average of twenty-eight iramatures were collected at the same 
time as the recaptures. Initially the immatures were taken fran the 
rock canplex, but as they became increasingly scarce, collections v/ere 
made fran other rocks at iflhitsand. A l l .animals were transferred to the 
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laboratory and maintained, without food, in the continuous immersion 
system (section 2.3.1). 
In the laboratory recaptures were re-measured in length and 
re-marked. Individuals with undecipherable numbers were counted, their 
renaining paint removed and returned to the shore tonmarked. New 
immatures v;ere processed as for the i n i t i a l batch. 
A l l animals were returned to the field site within 48 hours of 
renoval. Another intensive search v/as made of the rock caiplex and 
surrounding rocks (minimum of one man-hour) and newly recovered 
individuals measured and re-painted in the field. Snails were placed 
on the rock in positions typical of their size category. Total 
recaptures plus new individuals provided a minimum of 100 snails put 
out each month. 
3.4.2 Results 
Out of a total of 463 marked snails, 343 (74%) were recovered alive 
at least once. Only seven (1.5%) dead snails were found while 
sixty-one (13%) had to be removed fran the experiment due to 
undeciferable markings. The majority of the snails were found on the 
fi r s t v i s i t to the rock each month, out of a total of 1538 recaptures, 
only 125 (8%) were recovered at the second v i s i t . A monthly breakdown 
of these figures i s provided in table 3, 
lltmatture snails (<15ram) were the most difficult to recover, not only 
because of their small size but also because of their tendency to live 
deep within the mussel bed. In contrast the adults were quite 
conspicuous, aggregating in crevices devoid of mussels, or when 
feeding, being on the surface of the mussel bed. As the year 
progressed the proportion of adults in the marked population increased, 
the majority of them being found each consecutive month. 
On the whole recaptures were made fran the area of rock canplex 
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Month Total 
recovered 
New 
young 
Tota 
out 
Sept. 
- -
132 
Oct. 70 39 109 
Nov. 73 44 117 
Dec. 73 38 111 
Jan. 95 34 129 
Feb. 97 10 107 
Mar. 87 22 109 
Apr. 97 25 122 
May 120 19 139 
June 143 23 166 
July 143 28 171 
Aug. 170 25 195 
Sept. 181 24 205 
Oct. 189 _ 
Found Found Unclear 
a f t e r 48h dead markings 
8 1 3 
6 0 3 
14 0 2 
12 1 4 
8 1 3 
4 1 2 
10 0 4 
12 1 7 
7 1 4 
13 0 8 
11 1 13 
8 0 6 
6 0 2 
Table 3. Summary of the numbers of Nucella indi v i d u a l s 
used to determine growth rates on the shore at Whitsand Bay 
for the period September 1986 to October 1987. 
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v;here they had been put out but each month about ten (mainly adult) 
snails were found on the other side of the rock and-there v/ere always a 
few, about five, snails found on surrounding rocks. Occasionally 
recaptures were made fran more distant rocks, one from 22m distance, 
one from 40m and one from a rock 150m away to the east. 
Increase in shell length plotted as a function of i n i t i a l size for 
Septanber to October 1986 (Fig. 26) was distinctly humped, consistent 
with a sigmoid grov/th function, however for other months (Fig. 27) the 
relationship was more nearly linear, possibly due to the recovery of 
fev/er small snails. In each month there were seme snails that did not 
grow and others, more noticeable in the winter, that showed negative 
grovrt±i as a result of erosion of the shell apex. 
Fran mid-Decanber through to mid-April animals larger than 25mm did 
not grew, as illustrated by the January to February sample in figure 
27. Grov/th of snails greater than 25mm commenced in the period April 
to May and continued through the summer and autumn. During the period 
mid-July to mid-August mean grov/th rate of snails larger than 25mm was 
0.6mm/month (n=70, S.D.= 0.45). 
Ihe monthly mark-recapture data was used to estimate the growth 
parameters Loa, a constant representing the asymptotic length, and K, a 
constant representing the rate at which the asymptotic length is 
approached, for the von Bertalanffy, logistic and Ganpertz grov/th 
equations (Yamaguchi, 1975; Rickeir, 1979; Causton, 1983). 
Fran the non-sigmoid von Bertalanffy growth equation the 
instantaneous growth rate at a given size can be given by 
vdiere Lt is size at time t. Thus instantaneous growth rate is a linear 
function of size with slope -K and intercept KLoo. For the logistic 
growth equation, the instantaneous relative grovrtii rate at a given size 
dLt/dt eqn 1 
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Figure 26, Growth (mm/month) of Nucella individuals 
in relation to i n i t i a l length, on the shore at 
Whitsand Bay for the month September to October 
1986, 
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O c t - N o v 1986 
4 -
J a n - F e b 1987 
Figure 27, Effect of season on the growth (mm/month) of 
Nucella individuals i n relation to i n i t i a l length, on 
the shore at Whitsand Bay, 
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is given by 
dLt/Lt.dt = K - (KLt/Loo) eqn 2 
thus instantaneous relative growth rate is a linear function of size 
v/ith slope -K/LOO and intercept K. Fran the Ganpertz grcwth equation, 
instantaneous relative grovri± rate is a linear function of In size 
dLt/Lt.dt = K.lnLoo - K.lnLt eqn 3 
with slope -K and intercept K.lnLoo. 
As an approximation, the instantaneous growth rates v;ere taken as 
the observed grov/th rates based on the incranents in length between tv/o 
successive months. No accomt was taken of the differing number of 
days within an observation period (range 27-30 days) or that a few 
whelks were measured on the second v i s i t to the shore each month. For 
each month separately, least squares regression analysis was used to 
determine the grov/th parameters K and Loo, for each of the three growth 
equations using the relationships defined in equations 1 to 3. The 
in i t i a l marking of snails took several days to canplete, during which 
time the snails were starved. Considering that a longer period of 
starvation would affect si±isequent growth rates in the field, data for 
September to October 1986 have been emitted. 
For each month the correlation coefficients were consistently higher 
for the sigmoid logistic and Ganpertz gro\irtJi equations than for the van 
Bertalanffy model (Fig. 28). For each month the estimated asymptotic 
length was largest under the von Bertalanffy model and smallest using 
the logistic grovrth equation (Fig. 29), although a l l values f e l l within 
the range 25 to 32mm. Fran the size frequency distribution (Fig. 6) 
the most cotroon adult size vras 28mm, vdiich was more consistent v/ith the 
values derived fran the Ganpertz and logistic equations, x-Jhere the 
average asymptotic length for each month v/as used to derive overall 
means of 28.5 and 27.5 mm respectively. 
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Figure 28, Monthly correlation coefficients for 
the relationships described by equations 1 to 3 
used to f i t growth equations to observed growth 
• of Nucella on the shore at Whitsand Bay, 
Growth equations: 
o o von Bertalanffy 
• o Gompertz 
A A l o g i s t i c 
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Figure 29. Monthly estimates of asymptotic length 
provided by equations 1 to 3 from growth equations 
used to describe growth of Nucella on the shore at 
Whitsand Bay. 
Growth equations: 
o o von Bertalanffy 
• • Gompertz 
A A l o g i s t i c 
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Each model provided the same seasonal pattern in the growth 
parameter K (Fig. 30). Distinctly lower growth rates were found for 
the period mid-January to mid-April. There was a sharp rise in grov/th 
rates between April and May, reaching a peak fran mid-June to 
mid-August. The three months v/ith the lowest values of K coincide with 
those of lowest correlation coefficient for the relationships defined 
in equations 1 to 3. 
A canparison can be made between the calculated values of K and 
environmental temperature (Fig. 31). S&a temperatures were kindly 
supplied by staff of the City of Plymouth Environmental Health Officer. ^  /'^^^^j^ 
The temperature of the v/ater in Plymouth Sound is taken two or three/a 
week at a depth of approximately 2 metres at the end of the outer pier 
at Millbay Docks, sane 8km fran Sharrow Point at VJhitsand Bay. From 
this data the mean monthly sea temperatixre was calculated for periods 
corresponding to those of successive growth rate readings. For the 
same periods the mean monthly air temperatures were derived from 
rebords of the daily maxima and minima air tsnperatures recorded at 
Plymouth Polytechnic's meteorological station, 10km distance from 
Sharrow Point. 
For most of the year there was a good correlation between the grcwth 
parameter K and the environmental tanperature. However there were 
exceptions. The particularly cold spell of January 1987, when daily 
meanjtemperatures did not rise above freezing point for six consecutive 
days, occurred at the end of the Decanber to January grcwth period. 
This cold spell was reflected in a sharp drop in growth rates the 
following month. Although grov±h rates dropped between August and 
September 1987, temperatures, particularly air tenperatrures, were s t i l l 
high. 
Fran the calculated values of K and Loo for each month the expected 
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Figure 30, Seasonal variation in the growth 
parameter k, provided by equations 1 to 3 from 
growth equations used to describe growth of 
Nucella on the shore at Whitsand Bay, 
Growth ecjuations: 
o o von Bertalanffy 
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Figure 31. Seasonal variation in the growth 
parameter k (• •) derived from the Gompertz 
growth equation used to describe growth of 
Nucella on the shore at WhitScind Bay and both 
air (o o) and sea (• •) temperatures 
recorded at stations nearby. 
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growth patterns of N. lapillus on the shore can be obtained for 
individuals hatching at particular times of the year. Using the von 
Bertalanffy model, assuming that age is zero when length is zero, the 
length at the end of the fi r s t month can be calculated frcxn 
Lt = Loo.^  . (1 - e ^ ^^ ) eqn 4 
vAiere t^  = one month. Rearrangement of equation 4 provides the age (or 
time) at V7hich that length would have be^ achieved in the second month 
by; 
t = -1/k2 . ln(1 - (Lt/Lcx32)). 
Substituting the calculated value of t + 1 into equation 4, using 
and L002, ^ives the size at the end of the second month, (Fig, 32). 
Similarly, using the Gcmpertz growth equation, and assuming that 
time is zero v;hen the length is one mm, the age (or time) at which a 
given length is achieved can be found frcxn 
t = -1/K . In (1 - (InLt/lnLoo)). 
Figure 33 provides the growth patterns c:alculated in this way for 
hatchlings anerging in August or March, Under the von Bertalanffy 
grovTth model, taking into accomt seasonal variation in growth rate and 
vinder-estimating the i n i t i a l size, the whelks reach a length of 25mm in 
thirteen months i f hatching occurs in August and 14,5 months i f 
hatching in March, Under the Gatpertz model, which provided a better 
f i t to the observed growth data, individuals would take an average of 
20 months i f hatching in August, or 17 months i f hatching in March, to 
reach 25nm length. 
3,4,3 Discussion 
The high recx)very of marked snails indicated that the whelks did not 
move far from their release point. Previously Nucella have been shov/n 
to move only a fev; metres during a feeding season (Hughes, 1972), but 
may move fiorther (33cm/day) in search of food (Morgan, 1972b). 
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J ' L_ 
t l t2 t3 t4 
Nomina l age Ctime!) 
Let length at t^. =.=Lt^ . Using the growth 
parameters of the f i r s t month (Loo^ and k^) 
the length one month later (at t^) = Ltg. 
To move to the second month.consider that 
the length Lt^ would represent snails of 
nominal age t^* which one month later (at t^) 
would measure Lt^, using the growth parameters 
(LcxSg and kg) of the second month. 
Figure 32, Summary of method used to determine 
the seasonal growth pattern of Nucella on the 
shore using the monthly growth parameters Loo 
and k provided by the von Bertalanffy and 
Gompertz growth equations used to describe 
observed growth at Whitsand Bay, 
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Figure 33. Predicted growth pattern of Nucella determined from the monthly 
growth parameters, Loo and k, according to the von Bertalanffy (o—o •—•) 
and Gompertz (•-•. •-•) growth equations, f o r hatchlings emerging i n 
August (open sjrmbols) or March (closed symbols). 
Although occasionally adult whelks were seen crawling across sand, the 
ones found on distant rocks were thought to have been transported by 
water movement. 
Non-linearity for the relationship between linear incranent and 
i n i t i a l dimension, in which grovTth rate increases initiall y and then 
declines, has been reported for other gastropod species, (Yaraaguchi, 
1977; Hughes, 1980; Williamson & Kendall, 1981), In the present study-
the sigmoid growth functions were better descriptions of observed 
grovrt± in the field than the non-sigmoid von Bertalanffy growth 
equation. The relationship between linear increment over a growing 
period of five months and i n i t i a l size v/as found to be linear for two 
Nova Scotian populations of Nucella (Hughes, 1972). 
Ha//ever Yamaguchi (1977) has shown that grov/th rates obtained from a 
sigmoid curve may appear as i f they are derived fran a non-sigmoid 
growth fionction i f small individuals are not represented and i f the 
observation period is long in relation to growth rates. Detection of 
non-linearity is important, since interpreting early gro;vth as linear 
leads to a substantial over-estimate of size at a given age, especially 
in the early stages of growth. 
At VJhitsand Bay some growth occurred throughout the year, unlike 
populations in Nova Scotia (Hughes, 1972) where growth ceased from 
October to April. Feare (1970a) reported that for a Yorkshire 
population of Nucella the main grov/th period was fran June to November, 
whereas in the warmer south-west grcwth v/as only substantially reduced 
for three months in the winter (mid-January to mid-April). Grov/th in 
the winter was confined to wheLks of less than 25mm length. Similarly, 
Feare (1970a) reported that slow growth of juveniles occurred during 
the winter due to intermittent feeding. 
There was a strong correlation between growth rates and temperature. 
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Largen (1967b) found in laboratory conditions that the feeding rate of 
Nucella, on both mussels and barnacles, vras dependent on v/ater 
temperature. Feeding did not cease completely until the temperature 
was below 3°C, but that above this tonperature feeding rate more than 
tripled for each 10°C rise, reaching a maximum at 20°C. Mean monthly 
sea temperatures at I\hitsand Bay for the v/inter of 1986-7 did not f a l l 
below 5°C, and as this is above the crit i c a l threshold temperature for 
feeding found by Largen, feeding v/as possible throughout the winter. 
If grov/th rates are dependent on temperature, via feeding rates, a 
delay would be expected between changes in tenperature and changes in 
growth rate. By introducing a lag of two weeks (Fig. 34) growth rate 
is seen to be closely related to temperature, v/ith air tenperature 
providing a closer f i t than sea temperature. However for two months of 
the year grcwth rates were lower than expected. The mild weather of 
October 1986 (mean.monthly air tatiperature of 12.3°C) did not result in 
correspondingly high growth rates but i t may have coincided v/ith a 
large Novotiber spawn. Unfortunately no data are available to test 
this. The second month to deviate frcxn the general trend was August 
1987, for which the drop in growth rate renains inexplicable. At high 
temperatures an increase in tonperature did not result in increased 
grovriJi rates, asymptotic growth rate v/as achieved at 13°C. 
In the present study animals up to 31mm length displayed sane grcwth 
in the field. The generally held view (Fretter & Graham, 1985) is that 
adult Nucella do not grow. The onset of maturity in Nucella is 
difficult to assess from external features. Moore (1936) stated that 
when Nucella reach sexual maturity growth at the shell l i p ceases and 
that instead the region near the l i p thickens and a row of 'teeth' are 
laid down along the inside margin of the apertiore. Later studies 
(Cowell & Crothers, 1970; Berry & Crothers, 1970) demonstrated that 
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during prolonged cessation of grov/th juveniles laid down 'teeth' and 
that thickened animals with 'teeth' did re-conmence grarth, but these 
animals v;ere not thought to be mature. Hughes (1972) confirmed that 
thickened animals continued growing. Hov/ever from histological studies 
Feare (1970b) concluded that adults v;ith ripe gonads had renewed grai/tii 
after maturity. 
At ^#iitsand Bay there was clear grOTrth of thickened individuals, but 
no attempt was made to determine the size at which sexual maturity v/as 
reached. However since nearly a l l whelks above 25nm length displayed 
sane growth (Fig. 27), especially in the summer months, i t would be 
unlikely that these were a l l immatures. Therefore i t must be concluded 
that growt±i does not cease at maturity. 
If adult status is arbitrarily assigned to individuals of 25mm 
length, using the Gompertz grovrth equation hatchlings emerging in 
August could spa™ in May to June of their second year (sane 21 months 
later), while those hatching in t^arch could spawn in October to 
November of their second year (19 months from hatching). 
The estimated time taken to reach maturity was shorter on the shore 
at Whitsand Bay than for other populations reported in the literature. 
On the Yorkshire coast young Nucella that hatched in Septoiiber 1966 had 
grown to a mean length of 13mm a year later, and animals v/ith a mean 
length of 13mm in September 1966 grew a mean of 7mm in their second 
year (Feare, 1970a). Sexual maturity was reported to occur at the age 
of 2 to 2.5 years. By contrast on the Cornish coast, at T'Jhitsand Bay, 
individuals hatching in August were calculated to reach a mean of 19mm 
within one year. The milder weather in the south-v/est cannot be the 
sole reason for more rapid growth since, from growth studies on Drakes 
Island in Plymouth Soiond, Moore's (1938a) estimated age at maturity, 
agrees with that of Feare (1970a). 
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The growth patterns of N. lapillus have been reported to depend on 
shore type and the availability of prey. Hughes (1972) noted that a 
wave-exposed population with an excess of small mussels as prey grew 
faster, to a larger size and reached sexual maturity at a greater shell 
length than a population frem a wave-sheltered shore where food was 
scarce. Moore (1936) also reported that Nucella fed on mussels, rather 
than barnacles, attained sexual maturity at a greater size although no 
details were given of the relative rates at which sexual maturity was 
reached. In Massachusetts, N. lapillus fran a wave-exposed shore 
feeding on mussels had an earlier age of f i r s t reproduction (1.8 
years), but were smaller, than those from a wave-sheltered shore (2.3 
years) v/here food was more limited (Osborne, 1977). 
That higher growth rates and earlier age of fi r s t reproduction in 
exposed situations may not be dependent solely on the greater 
availability of prey is suggested by the work of Menge (1978b). Menge 
showed that exposed-phenotype Nucella had an overall intrinsically 
higher rate of feeding on mussels than the sheltered shore phenotype. 
At Whitsand Bay the combination of exposed-rphenotype snails, an 
abundant food supply, as mussels, and the mild weather allowing growth 
of juveniles throughout the year, has resulted in more rapid growth 
rates than previously reported' for this species. 
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CHAPTER 4 FEEDING AND GROWTH OF JUVENILE WHELKS 
4.1 Intxoduction 
This section explores the use of growth rates as a measure of prey 
profitability to developing Nucella. If growth rates are to be used as 
a measure of fitness, v/e need to establish that increased rates of 
grov/th confer increased fitness on the organism. 
For animals that can reproduce at any time of year an increased 
growth rate reduces the age of f i r s t reproduction, as shown by Vadas 
(1977) for sea urchins and Palmer (1983) for both Thais gtiarginata and 
T. canaliculata. By the ccsnpound interest lav/ the sooner an animal 
commences reproduction the greater its total reproductive output 
(Calow, 1977). 
For an animal that has a limited reproductive season, increased 
grov/th rates result in larger size at f i r s t reproduction. That larger 
fanales tend to produce a larger number of offspring has been found for 
many invertebrates including gastropods (e.g. Palmer, 1983; Spight & 
Bnlen, 1976; Hughes & Roberts,- 1980). 
If juvenile mortality is high more rapid development, by reducing 
the time spent by organisms in the vulnerable small stages of the l i f e 
cycle, increases the chance of reaching matiirity and hence breeding. 
Juvenile mortality in N. lapillus has been estimated to be at least 90% 
in the f i r s t year reducing to 27% by the third year (Feare, 1970a). 
The adults are long-lived, estimated at 5-6years (Feare, 1970a), 
resulting in populations that are dominated by adults (Hughes, 1972; 
Crothers, 1985; Feare, 1970a). 
f^c)re rapid juvenile grovrtdi can increase the probability of survival 
to adulthood for N. lapillus in a number of ways. Sheltered shore N. 
lapillus are at great risk from crab predation (Kitching et al., 1966) 
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with smaller snails being more vulnerable (Hughes & Elner, 1979). 
Exposed shore whelks are in most danger' of being swept off the rocks by 
rough seas (Kitching et al., 1966) and wave shock is potentially a 
major source of mortality (Menge, 1978a). The pull required to 
dislodge a v/helk is dependent on its size (appendix 3) v/hich might be 
expected since foot area correlates positively with shell weight 
(Kitching et al., 1966). Although larger whelks present a larger 
surface area on which water movement can have an impact, an increase in 
size may result in an increased ability of N. lapillus to withstand 
wave action on an exposed shore, ^fortality from desiccation is 
potentially important for intertidal animals. Coombs (1973) has shorn. 
that small N. lapillus loose water more rapidly than larger animals, 
and suggests that young animals are more likely to suffer mortality 
from desiccation. 
Finally, an increase in animal size may increase the range of 
potential food, both by type and size, so that in times of food 
shortage larger animals are more likely to find sonething to eat (e.g. 
Wilson, 1973, 1975; Griffiths, 1980; Jenkins, 1987). 
Thus increased grovrtii rates not only lead to an increase in 
fecundity but also greater size confers reduced vulnerability to 
adverse pdaysical conditions, food shortages and predation. 
Provided that an animal is not reproducing, growth rates represent a 
biologically meaningful measure of the value of a food source. 
Although' there may be differential costs and benefits associated with 
the acquisition and processing of various food sources, these do not 
need to be measured, since the final outcome, a net balance of energy 
and materials, results in growth. 
The use of grovrt±i rates as a measure of fitness in studies of 
optimal diet relies upon differential grovrth rates being achieved on 
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different types and sizes of prey. There is sane prior evidence that 
growth rate does vary with diet in gastropods. The type of prey 
offered to gastropods has been shown to affect grov/th rate in field 
experiments (Moran et al., 1984) and in culture conditions (Ansell, 
1982b). A fev7 studies have quantified the effect of prey size on 
growth. In extended field trials of caged Thais species feeding on 
barnacles and mussels, Palmer (1983) found sane evidence that prey size 
affected predator growth rate. Similarly, rate of growth and ultimate 
size, both in laboratory and field experiments were reported to be 
affected by size of prey for the pteropod mollusc Clione limacina 
(Conover & L a l l i , 1972). The size of oysters as prey influenced the 
rate of growth of Eupleura caudata (MacKenzie, 1961). By analysis of 
the energy budget of Thais haanastana canaliculata, Garton (1986) found 
that small d r i l l s displayed higher scope for growth on small oysters 
than on large but there v/as no effect of prey size for large d r i l l s . 
Perhaps the biggest drawback to using grov/th as an index of fitness 
lies in its measuranent. Growth may be defined as a permanent change 
in the amount of protoplasm and its normal secretions (Vines & Rees, 
1972). For practical purposes i t is necessary to measure some quantity 
which i s , as nearly as possible, proportional to true growth. 
Various methods have been used to assess growth in molluscs (Wilbur & 
Owen, 1964). Destructive methods include dry weight changes and 
micro-growth bands of the shell (Ekaratne & Crisp, 1982). 
Non-destructive methods are limited to changes in wet weight or sane 
linear measurement of the shell. There are however limitations to 
these non-destructive techniques, especially when applied to molluscs. 
Wet weight changes will be profoundly affected by the amount of 
extra-visceral fluid present, estimated by Coanbs (1973) to be 30% of 
total fluid weight of adult N.- lapillus. The weight of the shell alone 
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can be estimated by weighing the animal in water (Havinga, 1928, cited 
Wilbur 5 O/en, 1964) and extended to include estimates of body weight 
by weighing in air after extrusion of extra-visceral water (Palmer, 
1982). However during field growth experiments on three species of 
lhais. Palmer (1983) attributed sane deaths of the experimental animals 
to the trauma of handling using this method. More significantly T. 
lamellosa displayed recurrent negative growth (when measured as % body 
weight change) which Palmer attributed to the problems of removing 
extra-visceral water in a repeatable manner. 
Increase in shell length, because of its ease of measurement and its 
repeatability, has been a favoured criterion of mollusc growth. Weight 
(w) and length (_!) are related by a power relationship of the form: 
w = a 1 ^ eqn 5 
v^ere a^  and b are fitted constants. If weight and length are 
transformed to logarithms equation 5 becanes; 
log w = log a + b.log 1 
a straight line for which regression analysis provides the values of 
the slope b and the intercept log a_. Thus body weight can be estimated 
from shell length provided that there is a direct relationship between 
the two variables over the whole size range. 
Changes in gastropod shell length hov/ever may not always be 
conconitant with changes in body size and vice versa, itorton (1986) 
reported that, following hatching, Hemifusus taba displays a period of 
rapid shell growth which is not reflected in body growth, after v/hich 
there is a phase of rapid body grovrtJi with only a slight increase in 
shell length. Erosion of the shell apex has been shown to occur in 
mature gastropods (Spight, 1973; Yamaguchi, 1977) and in juveniles with 
repeated handling (I-forton, 1986). Decrease in body weight, without a 
decrease in shell length, can occur during periods of starvation 
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(Emerson, 1967; Stickle & Duerr, 1970; Stickle, 1971; Russell-Hunter & 
Eversole, 1976), and reproductive adults will show fluctuationis in body-
weight not associated with changes in shell size. 
However juvenile N. lapillus do not appear to show differential 
partitioning of growth to shell and body tissue (R. Kirby, Plymouth 
Marine Laboratory, per. conm.), and since the present study is 
concerned only v/ith active grov/th in juveniles, the problans associated 
with starvation and reproduction do not apply. 
Finally sane gastropods, for example Thais lamellosa (Spight, 1973) 
and Hgnifusus tuba (Morton, 1986a), display growth checks that appear 
to be intrinsic. During these periods shell length and tissue weight 
roTBin constant but total weight increases due to shell thickening. 
Periods of inherent 'non-growth', i f not carefully accounted for, could 
limit the use of growth as a measiare of prey value. However growth of 
N. lapillus in culture appears to be cx>ntinuous (Crothers, 1980; 
life-history studies, appendix 1) 
By using incronent in shell length as a measure of growth in N. 
lapillus the benefits (of ease, repeatability and lack of trauma) seen 
to outweigh the possible disadvantages. Throughout this study shell 
lengths were recorded and converted to dry body weight as required. 
4.2 Feeding and Grcwth of Hatchlings 
4.2.1 Introduction 
Ihe mussel beds at Whitsand Bay contained several mollusc species 
of a size suitable for predation by newly hatched Nucella. Trials 
were set up to determine i f some of these potential prey species could 
be eaten by young Nucella (section 4.2.2) and i f the growth rate of 
hatchlings was affected by type and size of pirey (section 4.2.3). 
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4,2.2 Acceptable Diet 
4.2.2,1 Method 
Egg capsules of Nucella lapillus containing well developed enbryos 
were collected frcm the Whitsand Bay rocks and transferred to the 
laboratory. Here they were kept in perspex dishes with a fine mesh 
gauze top in the continuous immersion system (section 2.3.1). Only 
newly hatched individuals (less than 3 days old), without prior feeding 
experience, were used in the feeding trials. The prey were obtained by 
washing samples of mussel bed in a continuous stream of tap water, 
collecting the sand and small animals in a O.Simi sieve. 
A microscopic examination of washed samples from the mussel bed 
shov/ed that potential prey, by virtue of their small size, included 
lasaea rubra (Montagu), Otina ovata (Brown), Odostcmia scalaris 
Macgillivray, Cinqula cinqillus (Montagu), Rissoa parva (da Costa) and 
small Mytilus edulis. Of these only L, rubra, 0, scalaris and M. 
edulis were sufficiently abundant to set up and maintain the feeding 
experiments and conmon enough to form an important part of the diet of 
v^elks in the f i e l d . Initially mussels of 2iim (+0,5nTO) length were 
used, later the trials were extended to include 3mm (+0.5mm) and 4mm 
(+0.5mm) mussels. The average length of Lasaea rubra individuals, 
although not acciurately measured, was marginally smaller than 2mm, 
whilst the Odostcmia were generally between 2 and 3nm, 
Individual Nucella hatchlings were set up with ten itans of one 
potential prey type in separate ccmpartments of a multi-well plate 
(section 2,3,2) with a gauze top. To ensure that only live animals 
were provided in the feeding trials each prey iten was only included 
once i t was seen to have extended its foot. Control compartments, 
containing just ten prey or one predator, were set up alongside the 
others. Each prey type was replicated several times (see table 4). 
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a) Odostomia 
Days No. Outcome 
Lasaea rubra 
Days No. Outcome 
2mm Mytilus 
Days No. Outcome 
eaten eaten eaten 
5 0 D 22 4 E 20 6 D 
7 0 E 22 22 E 30 35 S 
7 0 E 22 9 E 30 12 E 
12 0 E 35 5 D 38 61 S 
34 0 S 38 45 S 38 52 S 
34 0 S 42 63 s 
55 74 s 
3mm Mytilus 
Days No. Outcome 
eaten 
28 
28 
11 
9 
S 
S 
4mm Mytilus 
Days No. Outcome 
eaten 
28 7 S 
b) Prey 
Odostomia 
2mm Mytilus 
L.rubra 
n mean number eaten 
t r i a l s /day(S.E) 
6 0.000 
7 • 1.10 (0.20) 
5 0.58 (0.21 ) 
mean growth rate 
mm/day(S.E.) 
0.00 
0.055 (0.009) 
0.042 (0.014) 
Table 4. Feeding and growth of newly hatched N. l a p i l l u s 
on various prey, a) Individual feeding responses of 
hatchlings to 3 prey types common at Whitsand Bay. 
(E=escaped, S=trial stopped, D=died) b) Comparison of 
mean feeding and growth rates by hatchlings on the three 
prey types. 
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Every four or five days the, length of the dogwhelk was measured to 
within 0.1mm using a binocular microscope and graduated eye-piece. The 
number of drilled and consumed prey was recorded and these replaced by 
fresh individuals. Non-predatory deaths were also recorded. The 
intention was that the experiment would continue until the whelks 
reached at least 4mm length or until a minimum of 30 days had passed. 
Unfortunately the gauze top did not restrict the Nucella and their prey 
to just one canpartment and the experiment had to be terminated early. 
As the replicates were set up on different days the replicates had run 
for different lengths of time at the end of the experiment (table 4a). 
4.2.2.2 Results 
IWo Nucella hatchlings, acting as controls, survived 30 days without 
food and did not grow. A direct canparison of the recorded 
non-predatory death rate in the experimental and control batches was 
made difficult by the different periods of time for which each ran. No 
mussels, of any size, either experimental or control, died during the 
course of the experiment. There were no deaths of L. rubra other than 
by predation, in the five experimental runs and two deaths in the 
control-run within 30 days. Odostcmia were less vigorous, in the six 
experimental runs there were five deaths by day 25 and in the controls 
three deaths. 
Ihe feeding and growth responses of individual Nucella hatchlings to 
the three potential prey types are given in table 4. Although 
hatchlings would d r i l l and consume small mussels and Lasaea rubra they 
would not feed on Odostonia, even after 30 days of starvation. 
Comparing the hatchlings fed on 2ram mussel or the similarly-sized 
Lasaea rubra (table 4b), there was no significant difference in the 
mean feeding rate (t=1.76, d.f.= 10, NS) nor the mean growth rate 
(t=0.66, d.f.= 10, NS). Most of the Nucella which escaped, did so on 
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the same day, suggesting that the cause lay with sane external factor 
unrelated to prey type. 
4,2.3 Growth Rate of Hatchlings on Variable Prey 
4.2.3.1 Method 
Three size classes of mussels were used, 2mm, 3mm and 4ram (all 
+0.5imi) and in addition lasaea rubra of approximately 2ram length. The 
experimental procedure was similar to that used in the acceptable diet 
t r i a l (section 4.2.2) with the following modifications. The gauze top 
was replaced by a solid sheet of perspex (section 2.3.2) to prevent the 
animals escaping. In order to equalize the probability of encounter 
with the mussels of different sizes, an attenpt was made to equalize 
the total surface area of prey within each canpartment. An estimate 
that the surface area of small mussels equals the square of the length 
was used to provide the densities given in table 5a. Ihe higher 
density of twenty-four Lasaea rubra or 2mm Ms^tilus obviated -a problan 
encountered in the acceptable diet experiment, where larger Nucella 
individuals, those approaching 4mm, sometimes ate nearly a l l the ten 
available prey in 4 days. Four replicates of each prey type were set 
up in randanised positions in the multi-well plate. Observations, 
measurenents and timings were the same as in the acceptable diet t r i a l . 
Two replicates of each prey regime were set up without Nucella as 
controls, 
4.2.3.2 Results 
Within the control replicates only two prey deaths were recorded 
over the 30 days, one each of a 2nm mussel and a Lasaea rubra. Of the 
sixteen experimental trials six hatchlings had died before or shortly 
after day 30, three of these from the 4mm mussel regime, two fram the 
2ram mussels and one fran the 3mm mussels. It was considered that the 
modified l i d , although preventing escape, did not provide sufficient 
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a) 
length of surface area n prey t o t a l surface area 
2 2 prey (mm )of prey provided (mm )of prey 
2mm L.rubra 4 24 96 
2mm M.edulis 4 24 96 
3mm M.edulis 9 10 90 
4mm M.edulis 16 6 96 
b) 
Prey type n t r i a l s mean growth rate 
L.rubra 4 0.030 (0.019) 
2mm M.edulis 4 0.048 (0.010) 
3mm M.edulis • 4 0.058 (0.020) 
• 4mm M.edulis 4 0.030 (0.029) 
Table 5. a) Numbers of each prey type provided i n growth 
rate experiment to equalize t o t a l surface area of prey, 
b) Mean growth rate' (mm/day)(S.E.) of hatchlings provided 
with d i f f e r e n t prey regimes, over the f i r s t 20 days of 
feeding. 
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mter circulation for the young predator. Individual growth rates were 
variable within each treatment {Fig, 35) with several animals not 
growing ^ t a l l during the experiment. However i t is clear frcm figure 
35 that looking only at the Nucella that did grow, there is l i t t l e 
difference betv/een the growth rates on the different prey. Mean growth 
rates over the f i r s t 20 days of feeding (table 5 b) were not 
significantly affected by type or size of prey (ANOVA, F = 0.71, d.f.= 
3,12, NS). 
4.2,4 Discussion 
Feare (1970a) suggested that following hatching the f i r s t 
requireiient of the young Nucella was to find shelter rather than food. 
That they can suirvive considerable periods, at least one month, without 
feeding was shown here, Largen (1967a) showed that hatchlings were 
able to feed on a wide variety of prey, including Lasaea rubra and 
small mussels. He suggested that almost any shelled species of a 
suitable size might form the diet of hatchlings. However in the 
present trials, young Nucella did not eat Odostonia which, as an 
ectoparasite on mussels, were abundant on the mussel beds at Whitsand 
Bay. 
Ihe reason for ignoring Odostonia as a potential food source is not 
clear, Odostania is not particularly active yet on no occasion were 
the young Nucella seen in close contact with than. Nor were any 
inconplete d r i l l holes found on the shells of Odostomia ruling out an 
inability on the part of the young whelks to penetrate the shell. In 
sand samples from which the prey were obtained there were frequent 
examples of drilled shells of Lasaea rubra, Otina ovata and small 
mussels, but none were seen of Odostomia. 
Preliminary trials to detect cannibalism indicated that 
intraspecific predation by hatchlings did occur. Qnpty drilled Nucella 
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Figure 35, Individual growth curves of Nucella hatchlings fed pure diets 
Mytilus edulis of differing length ( i - i i i ) or Lasaea rubra (iv). 
Solid symbols represent death of the predator, (see also overleaf). 
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Figure 35 continued 
shells were also found in t±ie sand samples. Similarly Ansell {1982b) 
j j ; ^ found that hatching juveniles of Polinices catena in culture conditions 
fed by cannibalism on other members of the same brood i f no suitable 
alternative food was provided. Young Nucella on the mussel beds at 
I'Jhitsand Bay showed a clumped distribution {section 3.2) and as Largen 
{1967a) suggested, during the period immediately following hatching, 
intraspecific predation may be a conmon occurrence. Morton {1987) 
found that in Hemifusus tuba sibling cannibalism, although occurring 
during the f i r s t b-zo weeks following hatching, was insignificant 
canpared to the amount of bivalve tissue consumed. He suggested that 
cannibalism may enhance survival during the time needed to discover and 
learn to feed on natural prey. In the present study since small 
mussels were abundant in the field sanples throughout the year and 
since they were the most frequently drilled shells found in the sand 
samples i t i s suggested, that on an exposed shore of this type, small 
mussels form the bulk of the hatchlings diet. 
Newly hatched Nucella included in tiieir diet mussels in the length 
range 1.5 to 4.5mm. However differences in growth rate of hatchlings, 
dependent on type and size of prey, could not be detected by the 
methodology employed. The shells of the young predator were too small 
and fragile to be measured with calipers. However, under a binocular 
microsoDpe, the movanent of hatchlings resulted in inaccurate 
measurenents relative to the small increnents in growth that occurred. 
Given a sufficiently long growth period this problen would have been 
partially overcane, but the systen of housing individuals proved 
inadequate to maintain the Nucella in a healthy condition for long 
enough. Alternatively, several hatchlings could have been housed in a 
larger container, but such a systen would have esqxDsed the animals to 
possible intraspecific predation and provided no information on the 
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the relation between growth and predation rates. For these reasons i t 
was not considered worthv^ile to study the feeding and growth responses 
of the hatchlings any fiarther, 
Though limited, these trials have shown that young Nucella can 
achieve a growth rate of up to 2.5nim/month when fed on a diet of small 
mussels or Lasaea rubra, prey which are abundant in the mussels beds 
throughout the year. 
4.3 Feeding and Growth of Juveniles 
4.3.1 Introduction 
The aim of this section was to determine the effect of mussel prey 
size on the growth and feeding behavioior of juvenile N. lapillus. The 
i n i t i a l experiment (section 4.3.2) involved four sizes of mussels up to 
20mm in length. The results fran this t r i a l suggested that larger prey 
should be considered (section 4.3.3). During the experiment on large 
prey there were visible signs that, whilst the v^ielks were s t i l l 
feeding, decanposing flesh was leaching from the mussel shell. The 
third experiment (4.3.4) was aimed at detecting the timing and extent 
of such losses for prey of intermediate size. 
The method and results for each experiment are described separately 
with the results brought together in section 4.3,5 and discussed in 
section 4,3,6, Throughout the results and discussion sections, size of 
whelk refers to the i n i t i a l size, 
4.3.2 Small to Medium Size Prey 
4,3,2,1 Methods 
Nucella and Mytilus were collected frcm Whitsand Bay one day before 
the start of each replicate experiment. The mussels were washed clear 
of sand and debris and held without food in the sump of the continuous 
immersion system (section 2.3.1) until required. Throughout each run 
the whelks were housed in the continuous immersion system in separate 
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pots so that individual responses to prey size could be monitored. 
Following collection fran the field the dogwhelks were starved for 
aie week to eliminate the effect of previous feeding on grpwt± and to 
initialize hunger levels. They were measured before and after this 
period. 
Four size classes of juvenile dogwhelks (5, 10, 15 & 20mm, a l l +1mm) 
were allowed to feed for 28 days. This feeding period should be as 
long as possible to allow the whelks to reach a steady state of feeding 
and growing. However a period longer than 28 days would incur the risk 
that one size class would grow into the next since, under these 
laboratory conditions, grovTth rates can exceed 1mm per week. 
One individual whelk fran each size class was presented with a 
single size class of mussels. Four size classes of mussels were used; 
5, 10, 15 or 20ram (all+lram). As encounter rate might be expected to be 
a function of prey surface area the number of each mussel size offered 
was adjusted so as to equalize total siorface area. The required number 
of mussels to equalize surface area was calculated fran appendix 5, 
viz. 
2 
Prey size (mm) f^umbers used Total surface area(nm-) 
5 100 3402 
10 30 3488 
15 14 3465 
20 8 3422 
At each of these densities the predator would be feeding at the 
plateau of its functional response curve (appendix 2). Therefore prey 
would be sufficiently abundant to minimize search time. 
Each treatment was inspected weekly to ensiore that uneaten prey were 
alv/ays available to the predator. Provided that the dogwhelk was not 
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feeding its length was recorded. The mussel clump was dissociated and 
each mussel examined microscopically for the presence of boreholes. 
Detailed examination was most in^rtant when small Nucella were 
feeding on large prey as the adductor muscles of drilled Mytilus were 
frequently left intact with the shell staying closed. Any mussel flesh 
remaining in the shell was removed, oven dried for 24 hours at 100°C 
and weighed. 
The number of dead, \andrilled, imeateri mussels was recorded as 
non-predatory deaths. Dead prey were replaced with live mussels of the 
same size to re-establish the i n i t i a l densities. A dogv^elk was 
deaned to be feeding i f i t remained sat on a mussel for at least one 
hour following removal of the pot from the tank. A dogwhelk that was 
feeding was left for a further day to finish its meal before the weekly 
recordings were taken. 
After the 28 days of feeding the dogwhelks were left for a further 
v/eek without food and re^neasured. During this final week of 
starvation the whelks woiild continue to grow utilising the food already 
consumed. By including growth in this final week with growth over the 
28 days of feeding, a measure can be gained of the efficiency with 
v^ich a given amount of food is converted to growth. 
A dogwhelk of each size was starved throughout as a control and 
measured at weekly intervals. Also a control set of each mussel size, 
without Nucella, was used to determine the death rate due to factors 
other than predation. The control mussels were inspected weekly, the 
dead mussels counted, ranoved and replaced by live ones. 
Five replicates were carried out between January and July 1986, (for 
dates see table 9). 
The relation between dry flesh weight and mussel length was 
determined for each seasonal replicate by two methods: 
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i) oven-drying; the mussel flesh was dissected, oven dried at 
approximately 100°C for 24 hoiors and weighed (length range 10-20imi). 
i i ) freeze-drying; the posterior adductor muscle was cut, the v;hole 
animal deep frozen for 24 hours and freeze dried for 48 hours before 
weighing. The dried flesh was renoved fran the shell and discarded. 
Dry flesh weight was taken as the difference between the weight of the 
v/hole animal and shell weight (length range 5-20mm). 
Both methods were thought necessary since i t was impracticable to 
dissect the flesh of 5ram mussels for oven-drying, hence only 
freeze-drying was suitable for the entire size range. However, for 
logistic reasons, the dry flesh weight of partially eaten prey could 
only be achieved by oven-drying. 
4.3.2.2 Results 
a) Controls 
Deaths of mussels in pots without Nucella were very low (eleven 
deaths out of a total of 608 individuals over 28 days). However this 
figure was five times higher than the number of imdrilled, uneaten, 
dead mussels recorded in the experimental runs (table 6). The 
discrepancy was probably due to the difference in the average length of 
time spent by individual mussels within the pots. In canparison to the 
control set of mussels, the ones in the experimental runs were being 
continually eaten and replaced by fresh individioals. 
An alternative explanation is that non-predatory deaths were comted 
as predatory deaths. One conceivable way in which this could have 
occurred was by taking a chipped mussel shell as a marginal borehole 
(see Fig. 67). Mis-idehtification of the cause of death would result 
in an over-estimate of predation rate. A measure of the error can be 
obtained with death rate expressed as mean deaths per pot run of 28 
days. The difference between mean non-predatory death rate in the 
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Mussel Experimental groups Controls 
size(mm) n Predatory Non-Predatory n Non-predatory 
5 20 1258 6 4 7 
10 20 521 3 4 3 
1 5 20 226 0 4 0 -
20 20 130 0 4 1 
Table 6. Comparison of recorded mussel deaths i n 
experimental and control groups. Values given for the 
experimental group are t o t a l losses for the four sizes of 
Nucella and f i v e r e p l i c a t e s combined. Values for the 
control group are t o t a l deaths i n the four r e p l i c a t e s 
combined. A l l are for periods of 28 days. 
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control and experimental groups provides a value for the 
over-estimation of predation rate. Even when represented as a 
proportion of a l l recorded predatory deaths, this over-estimate was 
less than 4% for a l l mussels sizes (table 7), and can, therefore, be 
ignored. Feeding rates given are those that were recorded as predatory 
deaths. 
The control Nucella (n = 20) a l l survived the six weeks without 
food. Following the week of starvation one individual showed a slight 
increase in length (of 0.4nin) thirteen v^elks stayed the same and six 
showed a slight loss (of up to 0.2mm). The latter was probably due to 
erosion of the shell apex during handling. No account of this loss has 
been made in the experimental group. Thus i t could be assumed that, in 
the experimental group, the growth achieved after the i n i t i a l period of 
starvation was due to the benefit of feeding in the laboratory, 
b) Feeding rate 
Each size of whelk (5-20mm) was able to feed on the range of mussel 
sizes offered. The logarithm of the number of mussels eaten over the 
28 days of feeding was dependent on both predator and prey size (see 
two-way MDVA below and Fig. 36). 
Source d.f. m.s. F P 
Nucella size 3 0.9126 49.3 <0.001 
Mussel size 3 3.7653 203.5 <0.001 
Interaction 9 0.0403 2.2 <0.05 
Error 64 0.0185 
As would be expected fewer large than small mussels were eaten by 
al l . sizes of Nucella. The two largest sizes of whelk showed a 
reduction in numbers eaten with increasing size of mussel throughout 
the range of prey sizes used. However the mean feeding rate by 5ram 
Nucella remained the same for both 15 and 20mm mussels, whilst 10mm 
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Mean number of mussel losses 
{deaths/pot/28 days) 
r-Iussel Experimental group Control 
size{mm) Pred.(a) Kon-pred.(b) Non-pred.(c) 
5 62.9 0.30 1.75 2.3 
10 26.0 0.15 ,0.75 2.3 
15 11.3 0.00 0.00 0.0 
20 6.5 0.00 0.25 3.8 
Table 7. Calculation of possible error i n recording 
non-predatory losses as predatory deaths. 
%error = (c-b)/a * 100, v/here a,b,c are expressed as mean 
number of deaths per pot per 28 days. Pred = recorded 
predatory deaths, non-predatory = recorded non-predatory 
deaths. 
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(Plots are means (+ S.E.) of 5 replicates). 
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Nucella only showed a slight decrease on the larger prey. These 
observations could account for the marginally significant interaction 
effect. 
c) Ingested ration 
For each replicate, and for both oven dried and freeze dried 
methods, the dry flesh weight of mussels (mg) was related to length 
(mm) using least squares regression analysis following logarithmic 
transformation. Covariance analysis showed that for each replicate 
there was no significant difference betv/een the methods (table 8) so 
the data, frcan each method v/ere combined to determine the predicted dry 
flesh content Of mussels in each replicate (table 9). The values given 
in table 9 were used to determine the total ingested ration for each 
whelk fran the rambers eaten, taking into account the weight of any 
remaining flesh. 
In general the consumption of mussel flesh over the 28 days of 
feeding increased as the size class of the predator increased and was 
also significantly greater with larger prey (see two-way ANOYA below on 
log transformed data and Fig. 37). 
Source d.f. m.s. F E 
Nucella size 3 1.646 118,4 <0,001 
Mussel size 3 1.316 94.7 <0,001 
Interaction 9 0.033 2,4 <0,05 
Error 64 0.014 " 
However there were exceptions to these general relationships leading to 
a weak interaction effect. The mean consumption of mussel flesh by 5ram 
Nucella increased only marginally when feeding on 20nm mussels canpared 
with ISnm ones, and 20nKn Nucella showed a decrease in mean consumption 
rate between 15 and 20mm prey. 
The amount of flesh eaten (taken as the difference between predicted 
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Rep. M a b rss d.f. F 
1 0 -2.22 3.01 0.1649 18 
F -2.11 2.98 0.2430 23 
F -1 .84 2.72 0.2902 21 
P 0.6981 62 
C • -1.97 2.84 0.7880 66 1 .996 NS 
2 0 -2.38 3.10 0.0844 18 
F -2.31 3.08 0.1695 20 
P 0.2539 38 
C -2.26 3.01 0.2790 40 1 .878 NS 
3 0 -2.49 3.14 0.0697 18 
& F -2.07 2.80 0.1359 20 
4 P 0.2056 38 
C -2.13 2.85 0.2321 40 2.449 NS 
5 0 -1 .94 2.92 0.1664 18 
F -1 .69 2.75 0.1245 19 
P 0.2909 37 
C -1 .68 2.71 0.3181 39 1 .730 NS 
Table 8. Comparisons of regression equations r e l a t i n g 
length arid dry weight i n mussels by oven and freeze drying, 
a and b are constants i n the equation: log.^ pdry weight (mg) 
= a + b.log^j Q length (mm). (M = method of drying: 0 = oven 
dried, F = freeze dried, C = combined, P = pooled. Rep, = 
r e p l i c a t e , rss = residual sum of squares). 
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R e p l i ­ Mussel size 
cate Dates Smm 1 0mm 1 5 mm 20mm 
1 20.1 .86- - 3.3.86 1 .0 7.4 23.4 53.1 
2 25.2.86 - 8.4.86 0.7 5.6- 19.1 45.3 
3 5 4 8.4.86 - 20.5.86 0.7 5.2 16.7 37.8 
5 23.5.86 - 7.7.36 1 .6 10.7 32.2 70.1 
Table 9. Predicted dry weight f l e s h content (mg) of 
mussels calculated from the combined regression equations 
in table 8.. 
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Nuce l l a 
Figure 37, Effect of mussel prey size (mm + 1mm) on 
the consumption rate (mg dry weight mussel flesh/ 
28 days) of juvenile Nucella of four different 
i n i t i a l sizes (mm + 1mm), 
(Plots are means (+ S,E.) of 5 replicates). 
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mussel v?eight and weight of remaining flesh) was calcuiated for each 
mussel eaten. The mean size of meal increased as prey size increased 
with the exception that Smm Nucella did not consume more flesh fran a 
20mm mussel than they did from one of 15mm (Fig. 38 a). 
The amount of flesh taken by each predator from each mussel meal was 
expressed as a percentage of the meal size available. A l l sizes of 
whelk consumed the contents of 5mm mussels. The mean percentage of 
flesh consumed from the larger prey f e l l as mussel size increased and 
as Nucella size decreased (Fig. 38 b). 
d) Growth rate after collection 
The amount of linear growth achieved by the juvenile whelks during 
the first week of starvation following collection fran the field was 
very variable (mean growth-rate was 0.38nin/week, S.D.= 0.337, n = 100). 
The mean growth rates over this period for each Nucella size and for 
each replicate are given in table 10a. Two-way analysis- of -variance 
(•table 10 b) showed that the amount of linear shell growth was 
independent of whelk size but the seasonal variation was just 
significant, being lowest in the January replicate and highest in May. 
e) Effect of prey size on juvenile grcwth rates 
The growth rates recorded in these experiments could be presented in 
two ways. Either as the observed increase in shell length or, by 
taking the i n i t i a l and final shell lengths, as -the equi-vaient increase 
in dry weight. The latter is the preferred measure since i t does not 
under-estimate -the extent of increase of -the fastest growing 
individuals, and has been used for canparisons of growth rates within 
one size class of vrfielk. However canparisons of growth rate between 
predator size classes have been made on observed shell length 
increases. The variances associated with linear increnents of the 
shell were not significantly different between the -various size classes 
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Figure 38, Effect of mussel prey size (mm + 1mm) on 
a) mean meal size (mg dry flesh^weight) consumed, 
b) mean % of available mussel flesh removed, 
by juvenile Nucella of 4 different i n i t i a l sizes, 
(Error bars are S,E,, ones omitted for c l a r i t y 
were smaller than the ones given). 
-112-
a) 
Replicate 1 2 3 4 5 A l l 
Date of 
c o l l e c t i o n 
20.1.86 25.2.86 8.4.86 8.4.86 23.5.86 
Size 
N . l a p i l l u s 
Smm 0.16 0.42 0.32 0.26 0.44 0.32 
(0.11 ) (0.19) (0.18) (0.30) (0.31) (0.24) 
1 0mm 0.10 0.44 0.32 0.28 0.70 0.37 
(0.07) (0.18) (0.25) (0.47) (0.43) (0.35) 
1 Smm 0.46 0.64 0.46 0.20 0.52 0.46 
(0.39) (0.53) (0.34) (0.34) (0.40) (0.40) 
20mm ' 0.18 0.16 0.36 0.72 0.50 0.38 
(0.13) (0.06) (0.34) (0.45) (0.35) (0.35) 
A l l 0.23 0.42 0.37 0.37 0.54 0.38 
(0.25) (0.33) (0.27) (0.42) (0.36) (0.34) 
b) Source d. f. IT i.s. F P 
Nucella size 3 0. 079 0.78 NS 
Date 4 0. 256 2. 51 <0,05 
Interaction 12 0.153 1. 50 NS 
Error 80 0. 102 
Table 10. a) Growth achieved by N . l a p i l l u s during the 
week of starvation following c o l l e c t i o n from the f i e l d . 
Each value i s the mean (+S.D.) growth- i n mm/week for n=5 
indi v i d u a l s , b) Two-v;ay ANOVA on the above data. 
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of Nucella. Use of dry weight equivalents would result in large 
differences in the variances requiring data transformation before 
analysis. 
In the experimental group (n = 80) only one individual - a 20mm 
whelk feeding on Smm mussels - did not grow. Two \i?ay analysis of 
variance v;as performed on the grov/th rate (mm/week) with predator size 
and prey size as main effects (see below). 
Source d.f. m.s. F P 
Nucella size 3 0.8463 11,47 <0.001 
Mussel size 3 0,7425 10,06 <0.001 
Interaction 9 0.2512 3.40 <0.01 
Error 64 0,0738 
Ihe significant interaction effect indicates that there was a 
contrasting grovrth response, to the size of mussel prey, by the 
different sizes of juvenile whelks. Figure 39 illustrates the effect 
of mussel prey size on the linear grovrt±i (mm/week) of the four size 
classes of Nucella. The Sram Nucella showed an i n i t i a l rise in grovrtii 
rate as prey size increased from Smm to 10mm, then a decline in grcwth 
rate on the larger prey. Similarity in growth response to prey size 
was shown by 10 and 15mm vhelks. Each had a conparatively low grovrt± 
rate on Smm mussels vrfiich rose, and appeared to continue to rise, 
although more slowly, on the larger prey. 20mm Nucella again exhibited 
slow growth on Smm prey, which rose to a peak on 15mm mussels but 
surprisingly declined on 20mm mussels. 
As there was a significant interaction effect between Nucella size 
and prey size, separate analyses of variance had to be performed for 
each predator size to determine i f prey size vras having a significant 
effect on growth rate. 
Lengths were converted to flesh dry weights according to the 
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mean shell growth rate (mmjfweek) of juvenile Nucella 
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Plots are means (+ S.E.) of 5 replicates. 
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regression equation 
log^ jQW = 0.925 + 3.14 log^^E: 
vhere W = dry flesh weight in mg, H = shell height in an (Bayne & 
Scullard, 1978a), and the analysis of variance performed on these 
values (table 11 a). Only 10mm whelks showed no significant difference 
in growth rate on the various prey sizes. For the other three size 
classes of Nucella the multiple range test (Snedecor, 1966) was used to 
identify significant differences among means (as mg grov/th/28days) 
obtained on the four sizes of prey (table 11 b). 
Sim Nucella grov/ significantly faster on 10nm mussels than they do 
on 20nim, but there is no difference between the other prey size 
classes. Both 15 and 20mm snails grow significantly less well on 5mm 
mussels than on a l l larger sizes but there is no difference within the 
three larger size classes of prey. 
IXra way analysis of variance was \ised to assess the effect of season 
and prey size on the dry weight increment for each predator size 
separately. Only for the 10mm \^elks was there any indication of a 
seasonal effect on growUi rate (F = 4.00, d.f.= 4,12, P<0.05), the 
January-February replicate showed a mean grov/th rate half that of the 
other replicates, 
f) Final growth 
Ihe mean grcwth rate (mm/vreek) of developing Nucella in the week 
following the cessation of laboratory feeding (Fig. 40 a) was 
independent of Nucella size but was significantly dependent on the size 
of prey that they were eating. Conbining data frcm a l l Nucella size 
classes (Fig. 40 b) indicates that growth in the final week increases 
as prey size increases possibly reflecting gut fullness at the start of 
starvation. 
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a) 
Nucella size(mm) Source d.f. m.s. F P 
5 Prey size 3 19.21 3.98 <0.05 
Error 16 4.83 
1 0 Prey si z e 3 100.0 1 .50 NS 
Error 1 6 66.9 
15 Prey size 3 805 7.00 <0.01 
Error 16 115 
20 Prey size= 3 1776 6.51 <0.01 
Error 16 273 
b) 
Comparison betv/een mussel Nucella size(mm) 
size classes(mm) 5 10 15 20 
5 vs. 10 NS NS * * 
5 vs. 15 NS NS * * 
5 vs. 20 NS NS * * 
10 vs. 15 NS NS NS NS 
10 vs. 20 * NS NS NS 
1 5 vs. 20 ^ NS NS NS NS 
Table 11. a) Separate ANOVAs to tes t for s i g n i f i c a n t 
differences i n grov/th rate (as mg/28 days) of juvenile 
v/helks feeding on d i f f e r e n t prey s i z e s . 
b) Results of mutiple range test to compare means i n growth 
rate (as mg/28 days) of juvenile whelks feeding on 4 prey 
si z e s . ( NS= not s i g n i f i c a n t , * = s i g n i f i c a n t at 5% l e v e l ) . 
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Figure 40. 
a) Mean growth rate (mm/week), in the week of 
starvation following four weeks of feeding on 
four different mussel prey sizes (mm 4- 1mm), 
of juvenile Nucella of four different i n i t i a l 
sizes (mm + 1mm). 
(Each point i s the mesin of 5 replicates). 
b) Effect of previous mussel prey size 
(mm + 1mm) on the growth (mm/week) of a l l 
juvenile Nucella combined, in the week of 
starvation following four weeks of feeding. 
(Each point i s the mean (+ S.E.) of 20 
replicates). 
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4,3.2.3 Discussion 
As predators grow their demand for food increases. The present data 
confirm the observations of Ansell (1982b) and Garton (1986) that v/hen 
predatory gastropods are provided with a constant size of prey the 
predation rate increases as predator size increases. Alternatively, 
for a given size of predator, an increase in the size of prey results 
in a decrease in the rate of predatioh, since the predators can in 
general acquire a greater ration per prey item eaten. Hov/ever i t might 
be expected that there exists sane limit to the amount of flesh that a 
Nucella can consume from one meal, due either to constraints imposed by 
gut capacity or the physical inability of the predator to reach a l l the 
flesh contained in the prey. Such a limit was illustrated by the 
insignificant rise in meal size of Smm Nucella feeding on 1S and 20ram 
mussels. 
In theory since the length of the proboscis in Nucella is 
approximately equal to its body length (Crothers, 198S) then, depending 
on d r i l l site, Nucella should be able to reach a l l the flesh in a 
mussel which is less than or equal to i t s own body length (with an end 
d r i l l hole) or, up to twice its ovm length (mid-point d r i l l hole). In ' 
reality, although the percentage of flesh removed increased as the size 
ratio between predator and prey was raised, canplete consumption of 
flesh was only noted v/hen the predator vra.s considerably larger than the 
prey. 
That predatory gastropods do not eat a l l the flesh available to them 
is a common occurrence, eating f i r s t the softer parts of the body (Qiew 
& Eisler, 19S8; Gunter, 1979). Polinices duplicatus ate 80% of the 
available tissue when preying upon Mya arenaria, leaving the siphon and 
mantle fringes (Edwards & Huebner, 1977). Hughes and Dunkin (1984) 
estimated that adult Nucella lapillus eat 90% of available tissue fran 
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lOinm mussels but only 60% from 40irm mussels. As was also noted in the 
present study, v/hen the majority of the flesh vras eaten, the uneaten 
portions consisted mainly of edges of mantle tissue and the foot. 
Significant differences in growth rate, on the prey size range 
offered, were achieved for a l l but the lOitm whelks, with an indication 
of an ontogenetic shift in prey value. Smaller prey were more 
profitable for small predators while larger mussels produced more rapid 
grov/th for the two larger classes of whelk. In the light of the 
results obtained for Smm whelks, vhere growth rate declined on large 
prey, a similar response may occur for large whelks i f provided with 
proportionally large prey. 
It is important to note that for Siiin Nucella the ingested ration 
continued to increase as prey size increased but that this was not 
reflected in a conconitant increase in growth rate. Also, for the 
three larger predators, in general grcwth rates were on a plateau for 
the three largest prey sizes, but ingested ration continued to 
increase. These obsejcvations will be discussed more fully in section 
4.3.6. 
Ihe majority of small Nj^  lapillus collected from the intertidal 
region of Whitsand Bay displayed some degree of shell ornamentation in 
the form of imbrications (over 80% of 5 and 10mm Nucella), whilst the 
majority of large whelks had smooth shells (70% of ISmm and 96% of 20mm 
Nucella). Abrasion by wave action has been invoked to explain the lack 
of imbrication on older specimens (Moore, 1936). However that so many 
young whelks had imbrications is surprising since the imbricated form 
has been thought to be largely sublittoral (Moore, 1936; Rees, 1949) 
or, i f intertidal, confined to relatively sheltered shores (Largen, 
1971). During the grov/th experiments i t v/as particularly noticeable 
that individuals with imbrications when collected fran the field, had 
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none on the new shell growth formed in the laboratory, suggesting that 
active feeding and growth do not coincide with the formation of 
imbrications. However the opposite was found by Largen (1971); 
previously smooth individuals secreted lamellose shell when kept in 
sheltered laboratory conditions and fed on mussels. Although both 
imbricate and smooth forms breed true in the laboratory (Largen, 1971) 
there is clearly some plasticity in response to environmental 
conditions. 
4.3.3 Large Prey 
4.3.3.1 Introduction 
Ihe aims of this experiment were threefold. First to determine the 
growth rate of juvenile N. lapillus on large mussels as an extension to 
the experiment on small and medium sized prey (section 4.3.2). Second 
to ascertain i f , by increasing the size of mussel offered as prey, an 
upper asymptotic meal size would be reached with large ISfucella similar 
to that shown by Smm Nucella feeding on 15 and 20itm mussels (section 
4.3.2.2). Third, to determine the time sequence of feeding and 
inter-feeding phases. 
4.3.3.2 Method 
After starving for one week Nucella in the size classes 10, 15 & 
20nm were ini t i a l l y presented with one individual mussel which was 
either twice or three times the snail's-own length. The mussel shells 
were scraped clean of barnacles. Ten dogvdielks of each size class were 
allowed to feed on each of the two mussel sizes in a single run in 
Janiaary 1987. Each whelk and its prey were kept in separate pots in 
the continuous immersion system (section 2.3.1), 
Each treatment was inspected at least daily and a note made of the 
time and date that feeding conmenced and finished. When a dogvhelk had 
ceased to feed both predator and prey v;ere raroved and measured. The 
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dry weight of any renaining mussel flesh was determined and a fresh 
mussel of the same size was provided. The whelks were allowed a 
minimum of 28 days for feeding. If they were not feeding at the end of 
this time the whelks were measured, starved for a further week and 
re-measured. Whelks engaged in feeding at 28 days were observed daily 
until they moved off the mussel whereupon they received the same final 
treatment. The relationship between length and dry flesh weight of the 
prey was determined from the same batch of mussels using individuals in 
the size range 17-63nm {n = 50). 
4.3.3.3 Results 
The feeding and growth responses of juvenile Nucella on the large 
prey are shown in table 12. A summary of the significance tests 
comparing responses of each size of whelk to the two prey sizes is 
given in tables 13 a & b. Predation rates by 10 and 15nin Nucella were 
significantly higher on the smaller mussels but independent of prey 
size for 20nm whelks. Figure 41 illustrates how individiaal whelks 
partitioned their time between feeding and non-feeding periods. Days 
spent between the: beginning of the experiment and the initiation of 
feeding was significantly longer for the 15mm Nucella feeding on the 
larger mussels but independent of prey size for both 10 and 20mii 
vAielks. For eadi size of vdielk, the time spent feeding on a prey itan 
was significantly longer on the larger prey but, for whelks consiiming 
more than one prey, the time between cessation of feeding on one 
mussel and commencement on another, was independent of prey size. Mean 
values for consecutive feeding and inter-feeding periods are shown in 
figure 42. 
Mussel dry flesh weight (mg) was related to length (nm) according to 
the least squares regression equation:-
log^ipdry flesh weight = -2.18 + 2.94 log^^length 
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Nucella Prey Number 
size size Nucella 
(mm) (mm) eating/10 
Mean number 
mussels 
eaten 
Mean ingestion 
rate 
(mg/28days) 
Mean growth 
rate 
(mm/v/eek) 
10 20 10 3.9(0.18) 121(6.1) 0.99(0.10) 
10 30 10 2.8(0.25) 180(24.7) 0.74(0.08) 
15 30 10 2.6(0.27) 199(30.7) 0.58(0.11) 
15 45 6 1.3(0.33) 278(28.4) 0.45(0.09) 
20 40 9 1.9(0.28) 355(50.3) 0.40(0.08) 
20 60 9 1.4(0.22) 545(32.6) 0.43(0.08) 
Table 12, Feeding and growth response of juvenile Nucella lapillus on 
large mussel prey (values in parenthesis are S.E.). Mean ingestion and 
grcuvth rates are only for those whelks which fed. Number of mussels 
eaten is the mean number of mussels on which feeding started within 28 
days, for a l l ten whelks. 
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Size(mm) Size(mm) Mann-Whitney U Test 
Kucella Mussels 
^1 ^2 P 
i ) Number of mussels eaten 
10 20 V 30 10 10 <0.01 
1 5 30 V 45 10 1 0 <0.02 
20 40 V 60 10 10 NS 
i i ) Days to f i r s t meal 
10 20 V 30 10 10 NS 
15 30 V 45 10 10 <0.005 
20 40 V 60 10 10 NS 
i i i ) Days feeding on each mussel 
1 0 20 V 30 39 28 <0.001 
15 30 V 45 26 12 <0.005 
20 40 V 60 19 1 4 <0.0001 
iv) Days between meals 
10 20 V 30 29 18 NS 
15 30 V 45 16 6 NS 
20 40 V 60 10 5 NS 
Table 13 a). Comparisons of predation rate and timing of 
feeding sequences of juvenile N. l a p i l l u s feeding on 
mussels either twice or three times t h e i r own length. 
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S±ze(mm) Size(mm) t - t e s t 
Mucella Mussels t d.f. 
v) Z^ g f l e s h consu!ned/28days 
10 20 V 30 2.32 18 
15 30 V 45 1 .73 1 4 
20 40 V 60 3.17 1 6 
vi) Mean meal size (mg) 
1 0 20 V 30 5.30 65 
15 30 V 45 2.43 36 
20 40 V 60 3.87 31 
v i i ) Mg growth/28days 
10 20 V 30 1 .76 18 
15 30 V 45 0.96 1 4 
20 40 V 60 0.18 16 
<0.05 
NS 
<0.01 
<0.001 
<0.05 
<0.001 
NS 
NS 
NS 
Table 13 b). Comparisons of feeding and grov/th responses 
of juvenile N. l a p i l l u s feeding on mussels either twice or 
three times t h e i r ov/n length. 
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Figure 41, Feeding ( ) and non-feeding (• 
sequences of individual juvenile Nucella of 
three different i n i t i a l sizes (mm + 1mm), 
supplied with musselrprey of twice or three 
times the length of the whelk. 
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Figure 42, Feeding and non-feeding sequences of 
juvenile Nucella of three different i n i t i a l 
sizes preying upon mussels. 
mean number of days to start of f i r s t 
^ meal 
mean number of days feeding on 
consecutive meals 
mean number of days between consecutive 
attacks 
Nvimbers above each figure refer f i r s t to the 
i n i t i a l length of Nucella (mm + 1mm), and 
second to the length of mussel provided as prey 
(mm + 1mm, or + 2mm for 60mm mussels), 
(Variable number of replicates since not a l l 
whelks fed or ate the same number of prey). 
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(F = 945.5, d.f.= 1,48, P<0.001). 
An estimate of the araotint of flesh ingested was determined by 
predicting i n i t i a l dry weight from mussel length and subtracting the 
weight of ranaining flesh. Several of the whelks v^ich began feeding 
just prior to the 28 day deadline took a considerable time to complete 
this meal, up to a further 14 days. Values of ingested ration (table 
12) have been adjusted to 28 days. In contrast to their response on 
smaller prey sane whelks did not feed on these large mussels. 
For those v^elks that fed, both 10 and 20iiin Nucella consumed 
significantly more flesh vihen. feeding on the larger mussels, 
consumption rate was independent of prey size for 15mm whelks (table 13 
b). For a l l Nucella sizes mean meal size was significantly greater on 
the larger prey (table 13 b). Mean growth rates (as mg dry flesh 
V7eight increase/28days), for those whelks that fed, were not 
significantly affected by prey size (table 13 b). 
Gcmparisons between the two Nucella sizes (10 and 15mm) feeding on 
30mm mussels are summarized in table 14. The only response 
significantly affected by predator size was days between meals, for 
which 1Siran Nucella spent significantly longer. 
4.3.3.4 Discussion 
Bayne and Scullard (1978a) report that for N. lapillus the time 
spent drilling and ingesting a mussel was independent of predator size 
since the larger predators preyed upon larger mussels. Ihis seans an 
over-simplification since for a given size of predator they did not 
relate feeding time to size of prey. That total handling time is a 
function of prey size was shown here for juvenile N. lapillus and by 
Hughes and Dunkin (1984) for the adults. 
The inter-feeding interval did not depend on prey size. This 
suggests that, i f some hunger threshold initiates feeding, at the end 
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Mann-Whitney U test 
Si ^2 P 
a) Number of mussels eaten 10 1 0 NS 
b) Days to f i r s t meal 10 10 NS 
c) Days feeding on each mussel 28 26 NS 
d) Days between meals 18 16 
t- t e s t 
<0.05 
t d.f. P 
e) mg f l e s h consumed/28days 0.48 18 NS 
f) Mean meal size (mg) 1 .20 52 NS 
g) rag grov7th/28days 1 .47 18 NS 
Table 14, Comparisons of the feeding and growth respon 
of 10 and 15mm N. l a p i l l u s feeding on 30mm mussels. 
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of the shorter feeding period on smaller prey, the whelks were at the 
same satiation level as when feeding on larger prey. Overall a greater 
proportion of a whelk's total time was spent feeding when eating the 
larger prey. 
Definitive values for mean consumption rate and mean meal size 
cannot be given since occasionally sane mussel flesh, particularly 
coloured gonadal tissue, visibly leached into the surrounding water. 
This was particularly noticeable towards the end of a long feeding 
period on the largest prey (45 and 60nm). l&ifortunately no record was 
kept of which individuals were affected. Thus the question of an upper 
asymptotic meal size, as prey size increases, cannot be resolved with 
certainty fran these data. 
However to test whether the values obtained for mean meal size of 
whelks feeding on large, potentially leak^^, prey are unrealistically 
high i t is possible to ccxnpare them with the amomt of flesh that can 
be theoretically reached (as outlined in section 4.3.2.3). 
Consider a mussel of length (Iinm) to be a prolate spheroid of volume 
(4 -n-^ )/3 where a = L/2 and b = L/4 since the height of mussels is 
approximately half the length (appendix 6). Fran the length:dry weight 
relationship of mussels, the volume required to occupy Img dry flesh 
weight can be calculated as 23.3mm^  (table 15 a). The hanispherical 
volume of mussel flesh that can be reached by a whelk is dependent on 
its proboscis length, and hence on body length. A whelk of length L mm 
can reach, within the mussel, a volume of 2/3.-{VI? rni?, This equates 
3 —1 
to 2/3.TTL .23.3 mg dry mussel flesh, and provides the maximum meal 
size that a vdaelk of given size can physically obtain. These 
theoretical maxima are canpared with observed mean maximum meal size 
(table 15b). For the two largest class of vhelk, for \jh±ch leaching 
may have been important, mean maximum meal size are half those 
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Mussel Volume mg. dry- VOl/v7t 
size(mm) (mm^ ) weight r a t i o 
5 1 6.37 0.70 23.38 
10 130.95 5.62 23.30 
15 441.96 1 9.06 23.1 9 
20 1047.62 45.30 23.13 
b) Theoretical As observed 
Nucella 
length 
(mm) 
volume 
can reach 
(mm ) 
weight 
can reach 
(mg) 
approx. 
Nucella 
(mm) 
Mean max. 
meal size 
(mg) 
5 262 11 5-10 15 
10 2095 90 10-15 69 
15 7071 304 1 5-20 156 
20 16762 720 20-25 380 
Table 15 a). Calculation of volume required to occupy Img 
dry f l e s h weight of mussel t i s s u e . Regression equation 
r e l a t i n g length of mussel (L mm) to dry f l e s h v/eight (W mg) 
used: log.^ = -2.26 + 3.01 log^^L. 
b) Comparison between the dry weight of mussel f l e s h 
t h e o r e t i c a l l y reachable by v/helks of a given s i z e , and the 
maximum mean meal s i z e observed during growth experiments. 
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calculated to be available to them, and therefore probably not 
unrealistically high. Fran the above calculations i t appears that the 
larger v/helks do not exploit larger prey to the same extent as smaller 
V7helks. 
That v/helks can perceive the size of prey available to them is shown 
by the time taken to initiate feeding. For example, when presented 
with large mussels (40 and 60nin) the 20mm whelks took a mean of 9.4 
days to canmence feeding, yet within the f i r s t week of the small-medium 
prey experiment the same size of whelk had consumed a mean of 5.8 ISram 
mussels and 2.2 20mm mussels. Similarly, both Thais haanastana 
canaliculata (Garton, 1986) and Eupleura caudata (MacKenzie, 1961) were 
shown to be 'reluctant' to feed on laarge oysters. 
The six whelks which failed to feed on the large prey were, at the 
end, each given the opportunity to feed on a 20nm mussel. They a l l 
initiated feeding within one day suggesting that their earlier lack of 
feeding was, in some way, due to the large size of the prey offered and 
not to a lack of hunger. 
4,3.4 Leaching of Mussel Flesh 
4.3.4,1 Introduction 
In the first experiment of section 4,3, where Nucella were fed on 
small or medium sized prey, there was often sane delay between a whelk 
finishing feeding on a mussel and the mussel being removed fran the 
tank for dry weight measurement of its flesh remains. If during this 
period there were significant losses of mussel flesh by leaching, the 
consumption rate would be over-estimated. This experiment was designed 
to test the conditions under which leaching might have contributed 
significantly to loss of mussel flesh in the small-medium prey 
experiment. 
The state of a mussel at the end of a feeding period by a whelk can 
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be cxudely related to the relative sizes of the predator and its prey 
as follows; 
Mussel condition 
1) Entire contents eaten, shell gapes. 
2) ^ 5ostly eaten, often only damaged 
adductor muscles and edge of mantle 
tissue remaining, shell gapes. 
3) Sufficient eaten to cause death 
and gaping of mussel shell. 
4) Insufficient eaten to cause death 
during feeding, shell rarains closed. 
Predator/Prey 
size relationship 
Nucella > > Mussel 
Nucella > Mussel 
Nucella < Mussel 
Nucella << Mussel 
Leaching seemed most likely to occur in mussels left in condition 3 
v*iere the Nucella ate enough flesh to k i l l their prey but did not 
consume i t a l l . 
4.3.4.2 Method 
J4issels in the size range 19-21 mm were collected fran ^-fliitsand ^ Bay 
in ffey 1987, one day before the start of the experiment. They were 
stored in the sump of the continuous immersion system (section 2.3i1), 
without food, until required. The mussels were subjected to one of the 
following three treatments: 
a) A hole was drilled through the centre of one valve of the mussel 
shell using a burr giving a hole diameter of approximately Imm, this 
being equivalent to a hole drilled hy an adult whelk (section 6.3.1). 
The rotating burr was inserted into the mussel flesh for a depth of 
1-2mm to damage the underlying mantle tissue, thus simulating a mussel 
left in condition 4 (above). 
b) The posterior adductor muscle was severed to cause death of the 
mussel and to facilitate leaching of mussel flesh fran the gaping 
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shell. This treatment would most closely simulate mussels left in 
condition 3 and to a lesser extent those in condition 2 (above), 
c) Mussels with no manipulation as controls. 
The mussels were placed separately in pots in the continuous 
immersion systan. To determine the time course of leaching the mussels 
were left in the tank for a fixed period ranging from one to seven days 
with a daily increment. Thus seven time periods were employed with 
eight replicates for each of the three treatments. A l l the 
experimental animals within one time period were set up on the same day 
but the starting day of the time periods was randomised. A l l trials 
were started within one week of collection. At the end of the 
allocated time period the mussels were ranoved, their lengths measured 
and the dry weight of their ranaining flesh determined. 
4.3.4.3 Results 
The variation in dry flesh weight content of the mussels as a 
fvinction of their length, treatment and period of immersion is shown in 
figure 43. ANCDVA (GLIM 3.12) was performed to determine vdiich of 
these variables were significantly contributing to the variance. The 
analysis also explored the interaction between treatment and time 
immersed (see belcw). 
Source 
Length 
Treatment 
Days 
Interaction, Days:Treatment 12 
Error 146 
The significant interaction effect showed that the-treatments were 
responding differently with differing times of iinmersion. Control 
mussels of 19ram length on day 1 were used as a reference point. Under 
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d.f. F P 
1 18.9 <0.001 
2 23.0 <0.001 
6 4.1 <0.001 
3.0 <0.001 
Figure 43. Effect of time and treatment on the individual dry flesh weight 
content (mg) of mussels in the experiment to determine the conditions 
under which leaching of mussel flesh may occur. 
A = controls, 
• = mussels with a hole d r i l l e d through one shell valve, 
• = mussels in which the posterior adductor muscle had been severed. 
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the fitted model for predicting dry weight, estiinates were given for 
the mean deviation (+S.E.) of each separate parameter fron the 
reference point. Overall there was no significant loss of flesh frati 
mussels which had either a d r i l l hole or a cut adductor muscle. Nor 
were the values for any one particular day significantly lower than the 
reference point. Considering a l l possible combinations of 
treatment:day interaction effects, the only significant losses of dry 
v/eight were found to occur for mussels with a cut adductor on day 5 
(one t a i l t-test, t = 1.83, d.f.= 146, P<0.05) and more significantly 
on day 7 (one t a i l t-test, t = 3.72, d.f.= 146, P<0.001). Reference to 
figxore 43 shows that by day 7 mussels with a cut adductor muscle had 
lost, on average, half of their body flesh weight. 
4.3.4.4 Discussion 
Ihese results illustrate that significant loss of flesh by leaching 
would occur only i f a mussel was left for over 4 days after the damage 
had occurred and then only through a gaping shell (condition 3 above). 
The presence of a d r i l l hole alone did not facilitate leaching. In the 
experiment on smallnnedium size prey (section 4.3.2) the predator-prey 
regimes most likely to suffer from leaching are those where the whelk 
would have taken sane days to d r i l l and consijme its meal. Hence the 
time gap between the cessation of feeding and the weekly observation 
would be. unlikely to exceed 4 days. .Consimption rates here can be 
regarded with confidence. 
One interesting feature to emerge from this expseriment was the 
ability of the mussels to repair their shell after being drilled. Of 
the eight mussels that had been drilled and left for 7 days, four had 
new shell material piartially occluding the hole, v^ile in the renaining 
four i t formed a canplete covering. Ihe repair was made from material 
less dense than normal shell, i t extended beyond the boundary of the 
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hole, was done shaped on the inside and had a rough surface. Repairs 
of this type had been noted in mussel shells collected fran the field 
(section 6.4), typically on large shells with small d r i l l holes. This 
suggests that even i f a small Nucella can d r i l l a large mussel 
successfully and feed, the mussel has sane ability to recover. 
4.3.5 Canbined Results 
By canparing the results of the experiments on small-medium prey 
(section 4.3.2) and large prey (section 4.3.3) the growth response of 
juvenile Nucella can be judged against the f u l l size range of mussels 
likely to be encountered at Whitsand Bay. Growth rates were converted 
fran ram ihcranent in shell length to their body dry weight equivalent 
as in section 4.3.2.2. 
Figure 44 illustrates the effect of prey size on the grcwth (as mg 
dry flesh weight increase/week) of juvenile whelks. Incliision of the 
large prey has resulted in the same overall shape in the growth 
response for each of the four Nucella sizes, with reduced growth on 
proportionally small and large prey, although not a l l these differences 
are significant, T-tests for planned canparisons were used to conpare 
growth on 'large' prey with the values obtained on 'small-medium' prey. 
For both 15 and 20mm whelks the growth rate on the large prey was 
significantly lower than that found on the plateau. Prey size had no 
significant effect on growth rate for the lOnm Nucella, however these 
whelks show the same overall growth response to prey size. 
For the one predator:prey size regime that was replicated in the two 
experiments, lOnin Nucella feeding on 20mm mussels, the mean growth 
rates were equal. 
The anraunt of mussel flesh ingested (mg/28days) did not consistently 
continue to rise as prey size increased (Fig. 45). The replicated 10mm 
whelks consumed significantly less flesh (t = 4.64, d.f.= 13, P<0.001) 
-137-
Figure 44, Effect of mussel prey s i z e (mm + 1mm, or + 2mm for 60mm mussels) 
on growth rate (mg dry f l e s h weight increase/ week) of ju v e n i l e Nucella 
of four d i f f e r e n t i n i t i a l sizes (mm +^  1mm), 
Plots are means (+ S,E. ) of 5 re p l i c a t e s from the small-medium prey 
experiment (•) and of 6-10 rep l i c a t e s from the large prey experiment (o). 
V e r t i c a l bars to the right of each f i g u r e connect means among which 
there are no s i g n i f i c a n t differences. 
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Figure 45, Effect of mussel prey length (mm) on the 
consumption rate (mg dry f l e s h weight/28 days) of 
juvenile Nucella of four d i f f e r e n t i n i t i a l length 
(mm). Points are means (+S.E,) f o r 5 re p l i c a t e s 
of the small-medium prey experiment (•) and f o r 
6-10 r e p l i c a t e s of the large prey experiment (o). 
Dashed l i n e s connect to t r i a l s where leaching may 
have influenced observed consumption rates. 
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when part of the large prey experiment than when part of the 
small-medium prey. • Mean meal size continued to rise as prey size 
increased (Fig. 46). 
Gross growth efficiency (k1), defined as mg increase in predator dry 
body weight during the feeding period plus seven days, divided by the 
mg dry flesh weight of mussel flesh ingested during the feeding period, 
was calculated for each whelk that fed. Mean gross growth efficiency 
for the two smaller Nucella size classes was a decreasing function of 
prey length (Fig. 47). For the two larger whelk sizes, mean k1 values 
initiall y rose as .prey size increased and then declined on the larger 
mussels. 
4,3.6 Discussion 
It is recognised that some caution must be exercised in coiibining 
the growth data frcm the experiments on smallnnediiffli prey (section 
4,3,2) and large prey (section 4,3,3) since the experimental designs 
were not identical. The differences in procedure most likely to 
contribute to variation in response were a) a reduction in the total 
surface area for a l l but the 60ram mussels and hence a possible 
reduction in encounter rate in the large prey experiment, and b) 
whereas the small-medium prey experiment was replicated at different 
times of year to overcone possible inherent seasonal variation in 
growth rate, a l l replicates of the large prey experiment were carried 
out simultaneously. 
Variations in the growth rate of molluscs are brought about by the 
interaction of an array of exogenous and endogenous factors. The 
present study was aimed at detecting the effect of a single factor, 
namely, prey size. Following I,B,P, terminology (Ridker, 1968) the net 
energy exchange of an individual organism with its environment is 
described by the standard energy budget equation 
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Figure 46. Effect of mussel prey length (mm) on 
the mean meal size (mg dry flesh .-weight) taken 
by Juvenile Nucella of four different i n i t i a l 
lengths (mm + 1mm). Dashed lines connect to 
t r i a l s in which leaching may have over-estimated 
meal size. 
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Figure 47. Effect of mussel prey size (mm + 1mm, or + 2inm for 60ram mussels) 
on the gross growth efficiency of juvenile Nucella of four different 
i n i t i a l sizes (imn + 1mm). Gross growth efficiency defined as mg dry 
flesh weight increase during 4 weeks of feeding plus one week of 
starvation, divided by mg dry weight of mussel flesh consumed. Plots 
are means (+ S.E,) of 5 replicates from the small-medium prey 
experiment (•) and 6-10 replicates of the large prey experiment (o). 
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C = F + U + R + P eqn 6 
vhere C is the energy content of the food consumed, F is the unabsorbed 
energy lost as faeces, U the absorbed energy lost as excretory 
products, R is energy equivalent of metabolic heat loss and P is 
production, the energy incorporated into growth and reproduction. 
Growth can only occur when energy acquisition exceeds energy 
expenditure. The rate at which energy is made available for growth and 
reproduction, scope for growth (Warren & Davis, 1967), is derived from 
equation 6. 
SPG = a C - ( R + U) eqn7 
where SFG is scope for growth, normally expressed as energy per unit 
time, and a is the absorption efficiency, such that a = ( C - F ) / C . 
That scope for growth, when estimated as an analysis of the energy 
budget, provides a reasonable predictor of growth as observed has been 
shown for mussels (Bayne et al . , 1979; Bayne & Worrall, 1980). For 
Nucella lapillus. Stickle and Bayne (1987) showed that SFG, predicted 
fran physiological measuranfients, was positively correlated with change 
in body energy content (determined from changes in shell length). 
Using growth rates as a measure of fitness, the value to be 
optimized as a result of the foraging strategy, is P (=SFG), which will 
depend on the rate at which resources can be acquired and the 
efficiency with which they can be utilized. A l l of the processes 
involved in the energy budget equation are capable of variation in 
response to environmental changes. It i s the interaction of these 
processes, in the context of previous studies on physiological 
adaptation, that I now wish to explore in an attenpt to explain how 
changes in prey size bring about changes in growth rate. 
One measure of efficiency, gross growth efficiency, (k1), is the 
capacity of an animal to convert food into flesh. Recorded absolute 
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values of k1 for gastropod predators have shown in seme instances to 
decline with age. Brocxn (1982) quotes that for Natica maculosa and 
lhais carinifera, k1 values decline steadily fran a maximum of 26% for 
small individuals to 0.4% for large ones. • Similarly, for Polinices 
duplicatus the value f e l l fran 48% for 1-2 year olds to 16% for 3-4 
year old animals (Edwards & Hu^er, 1977). Although gross sqnatic 
efficiency in Polinices alderi declined fran values of 20-30% v;ith age 
(Ansell, 1982c), when reproductive production was included overall 
gross growth efficiency ronained constant at 38-42%. 
In the present study k1 values were in the range 4-24%, variations 
of which were more dependent on prey size than on predator size, with 
the possible exception that 20ram Nucella displayed a lov/er maximum 
value than the three smaller sizes. Bayne and Scullard (1978a) 
calculated scope for growth for a range of N^ , lapillus sizes (10-35mm 
shell length) and fran their data (table VI) gross growth efficiency 
can be calculated as SFG x 0.66 x assimilated ration"''. There was no 
effect of whelk size on k1, a l l values f e l l within 43-49%. The 
deterinination of scope for growth, by physiological measurement of the 
energy budget, is indepeiident of the differential partitioning of 
resources to somatic growth and reproduction. The lack of any 
correlation between k1 values and size from the SFG measurements, but 
the indication here that 20nm Nucella have lower gross growth 
efficiencies, suggests that the latter organisms, although not 
reproductively active, may be partitioning some energy into preparation 
for reproduction. The values of k1 calculated fran Bayne and 
Scullard's data (1978a) are twice the maximum found in the present 
context. 
In a later study Stickle and Bayne (1987) report that the maximum 
mean gross growth efficiency of 23.4% for Nucella lapillus in the size 
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range 23-28nTO feeding on 15-20]MI mussels occurred at 15°C, 30°/oo and 
under constant immersion. These environmental conditions correspoisd 
closely to those in the present study where the equivalent k1 value for 
20mm whelks was 11-13%. The above value quoted by Stickle and Bayne 
was derived frcsm scope for growth estimates, and although actual gra-rth 
correlated positively with scope for growth, v/hen calculated on the 
basis of observed grcwth, k1 for the same set of animals falls to 0.7%. 
Clearly reported values of k1 for predatory gastropods are very 
variable and enconpass the range foimd in the present study. 
The pattern of gross grovrth efficiency as a function of prey size 
varied for the different sizes of whelk. In general maximum k1 values 
were found to occur at an increasing mussel size as whelk size 
increased. A similar response was found for mussels with an increasing 
available ration (Thanpson & Bayne, 1974). Since k1 values were a l l 
positive, consijmption of mussel flesh, for a l l predator-prey 
canbinations, was sufficient to cover metabolic costs. For the two 
largest sizes of whelk, small mussels were concanitant with reduced 
ingestion rates and lower k1 values, indicating that on small prey a 
greater proportion of the ingested ration was required for metabolic 
danands. 
Paloheimo and Dickie (1966) showed that for a number of fish species 
log k1 was inversely linearly related to the amount of food consumed 
(the k-line), however since k1 is zero at maintenance ration i t must 
increase before i t can decrease (Kerr, 1971). In figure 48, log k1 is 
plotted as a fimction of daily ration for each predator-prey 
combination. The. efficiency with which food is utilised for grcwth 
does depend on consunption rate, but there are sane interesting . 
exceptions. For the encircled pairs of data, a canparison can be made 
•between whelks of a given size which consumed a roughly equivalent 
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Figure 48, Mean gross growth efficiency (k^ )^ plotted as 
a function of mean consumption rate (mg dry weight 
mussel flesh/28 days) for Nucella of 4 different 
i n i t i a l sizes (mm + 1mm): (-K -K) = 5mm, (• •) = 10mm, 
(A—T-A) = 15mm, (• •) = 20mm, Mussel prey size 
classes (mm) given alongside each point. Points are 
means of 5 replicates from small-medium prey t r i a l s 
(solid S37mbols) and of 6-10 replicates from large prey 
trialJs (open sjnnbols), Ehcircled points link values 
where a given size of whelk consumed approximately 
equal amounts from different size prey. In each case 
k^ values were higher on the smaller prey. 
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amoimt of flesh, but fran different sized prey itons. In each case k1 
was lower on the larger prey item, indicating that k1 depends not only 
oh daily ration, but also on meal size, the amount of flesh eaten at 
one sitting, which is directly related to prey size. 
To understand further the relationship betv/een growth rate and prey 
size consideration should be taken of the other energy demands that are 
made upon the ingested ration and the efficiency with which the food is 
utilized, as summarized by equation 7. 
For a l l predator sizes reduced growth rates on proportionately small 
prey can be attributed to lower ingestion rates, but those found on 
large prey are less easily explained. In general consimption rates on 
large prey v/ere equal to or greater than those on medium-sized prey, 
yet growth rates v;ere significantly lower, Fran the SFG equation i t 
follows that reduced growth fran an increased ration could occur i f a) 
proportionately more energy were required for the metabolism of 
excretory products and for the production of mucus, i.e. an increase in 
U on high consumption rates; b) high consumption rates resulted in an 
increase in respiratory rate (R), either for the acquisition of the 
extra food or for its si±isequeht processing; or c) a decrease in 
absorption efficiency (a) with an increase in consunption rate and/or 
with increasing food-packet size. 
Which of these processes, or any conbination, is responsible for the 
observed drop in grovd±i rate on large prey cannot be resolved from the 
present data. There is a lack of energy budgets reported in the 
literature for animals eating different-sized packets of food, but 
several reports of growth potential in relation to ration size, mainly 
for f i l t e r feeders. For exanple, Thanpson and Bayne (1974) found a 
similar response to the amount of energy available for grcwth and 
reproduction in mussels fed on a range of algae ration sizes. The 
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optimum ration for SFG occurred at intermediate ration levels. The 
single most significant factor causing SFG to drop at high rations was 
the reduction in assimilation efficiency which f e l l from 0.9% on low 
ration to 0.2% on the highest ration. 
An estimate of assimilation efficiency can be obtained fran the 
present data, using estimates of the other energy requiranents reported 
in the literature. Fran P = aC - (R + U), assimilation efficiency, a, 
becanes R + U + P/ C, of which only P and C have been measured. 
Mollusc losses due to excretion are often ignored as being negligible, 
estimated by difference in the energy budget equation e.g. 7% of 
ingested energy for Navanax inermis (Paine 1965) or guessed at e.g. as 
7% for Tequla fimebralis (Paine, 1971) and' 15% for three species of 
opisthobranch (Carefoot, 1967). Where measuranents have been made of 
the energy losses due to excretion there is evidence that this 
conponent of the energy budget may make up a significant proportion of 
the total energy loss, particularly i f the animal produces mucus for 
locomotiom, feeding or faeces production. For example, as a percentage 
of total energy intake, energy losses due to U made up 11-19% for 
Hydrobia ventrosa (Kofoed, 1975) and 4% for adult N. lapillus (Stickle 
& Bayne, 1987). In freshwater gastropods the percentage of absorbed 
energy for total excretory losses was as high as 13-32% (Calow, 1974). 
None of the above studies reported that a proportionately greater 
amount of energy was required for excretion with increasing ration 
size, so by taking this component of the energy budget to be a mean 
value of 10% of the ingested ration, the amount is dependent solely on 
consumption rate. 
RespiratoiY losses often form a major canponent of the energy losses 
as a proportion of that absorbed. Fran a survey of marine molluscs of 
a l l feeding types, a mean value of 64% (S.D. = 19.3%) is reported 
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(Table 1, Bayne & Newell, 1983). Although metabolic energy expenditure 
can be affected by a wide range of environmental and endogenous 
factors, the effect of body size and temperature rank as the most 
important (Bayne & Newell, 1983). The relationship between body size 
and metabolic rate has been described by the allcxnetric equation: 
Y = a X ^ 
vAiere Y is the metabolic rate, X is body size and a and b are fitted 
constants. To estimate the energy required for metabolism by the 
present whelks, the trapezoidal rule was applied to the lengths of 
individual snails as measured weekly, and converted to body dry weight 
equivalents. The amount of mussel flesh required to meet the metabolic 
demands of animals of this size were calculated by data supplied by 
Bayne and Scullard (1978a). The conversion equations are summarized in 
table 16. 
It has been assumed that the metabolic denand depends only on the 
size of whelk and not on the prey size. Although there is evidence to 
suggest that metabolic energy demands f a l l during periods of starvation 
in N. lapilliis (Bayne & Scullard, 1978b), or on low ration in mussels 
(Thompson & Bayne, 1974) the latter study reported that once the 
optimal ration had been reached respiratory costs did not increase 
further with increasing ration. Furthermore, Garton (1986) found no 
difference in total energy losses (via oxygen consumption, primary 
amine or anmonia excretion) between oyster d r i l l s feeding on small or 
large oysters, although differences in SFG were established. 
Mean assimilation efficiencies, calculated fran observed consumption 
and production rates, and fran estinated rates of energy loss due to 
excretion and metabolism, are plotted as a function of prey size in 
figure 49. For a l l predator-prey size axnbinations estimated 
assimilation efficiencies f e l l largely within the range 30 to 70%. 
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length of Nucella 
converted to weight 
log^lQW = 0.925 + 3.1 4 log., QK 
where W = mg dry f l e s h v;eight 
H = length i n cm 
oxygen consumption 
related to size 
{16°C) 
log.,QV02 = 0.709 + 0.511 log., QW 
where = uls consumed/hr 
W = mg dry f l e s h v/eight 
conversion of oxygen 
consumption to 
ca l o r i e s consumed 
4.8 calories/ml 0, 
c a l o r i f i c value 
of mussel f l e s h 
5.2 cal/mg f l e s h 
Table 16, Calculation of metabolic requirements of 
developing N, l a p i l l u s ( a l l data from Bayne S Scullard, 
1978a). F i n a l value provided i n mg of mussel f l e s h for 
comparison with amount consumed. 
- 1 5 0 -
Figure 49. Estimated assimilation efficiency in juvenile Nucella of four 
different i n i t i a l sizes (mm +_ 1mm) as a function of mussel prey size, 
(mm + 1mm, or + 2mm for 60mm mussels). Plots are means (+ S.E) of 
5 replicates from the small-medium prey experiment (•) and of 6-10 
replicates from the large prey experiment (o). Dashed lines connect 
to points where leaching may have over-estimated observed consumption 
rates. 
S m m N u c e l l a 1 0 m m N u c e l l a 
M u s s e l s i z e c l a s s mm 
Aquatic carnivores tend to have high assimilation efficiencies, a range 
of 30 to 90% was quoted by Welch (1968). Assimilation efficiencies 
among Thais species have been variously reported as 66% for N. lapillus 
(Bayne & Scullard, 1978a), 2-59% for N. lapillus (Stickle, 1985) and 
86-91% for Thais haenostcma canaliculata (Garton, 1986), although the 
latter study"^  did not take losses due to mucus production into account. 
However for an animal faced with a variable food supply, i t is the 
variability in assimilation efficiency which is more important than the 
absolute mean value. For each predator size, assimilation efficiency 
dropped fran a maximum value of approximately 70% on small prey, which 
provided a low ration, and came in small packets, through intermediate 
values on medium sized prey to a lower plateau level of approximately 
30% on large prey. An inverse relationship between ingestion rate and 
assimilation efficiency has been noted for Ancylus fluviatilis and 
Planorbis contortus (Calow, 1975a), mussels (Thanpson & Bayne, 1974; 
Widdows, 1978), Daphnia magna (Schindler, 1968), Diaptomus gracilis 
(Schindler, 1971), Daphnia pulex (Richman, 1958) and an oligochaete 
(Streit, 1978). 
However in sane animals assimilation efficiency remains constant 
over a wide range of feeding rates (see Lawton, 1970 and references 
therein). 
Fran a physiological viewpoint the negative correlation betv/een 
assimilation efficiency and both consumption rates and meal size can be 
attributed to the relative size of the consumed meal and gut capacity. 
Increased assimilation efficiency on small meals could be brought about 
by more efficient mixing of gut contents and gut secretions thus 
allowing a greater surface area of the ingested food contact with 
digestive enzymes. Concurrently there may be an increased residence 
time within the gut. Calow (1975b) has shown that for bio freshv/ater 
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gastropods, satiated animals showed an increase in gut emptying rate 
over starved animals. In particular, for starved animals there was a 
reduced rate of passage though the hepatopancreas, the major site of 
digestion and absorption. 
VJhilst accepting Calow's (1977) homeostatic viewpoint that fitness 
is ultimately proportional to the rate at which useful energy is gained 
by the predator and that hence a flexibility in metabolic adaptation 
v / i l l be of considerable survival value with a fluctuating food 
resource, i t is not clear why assimilation efficiencies should actually 
drop on large prey. With a constant or even increasing consumption 
rate i t might be expected that the animal would be able to maintain a 
constant flov? of energy over the gut wall. The crucial element may l i e 
in the size of the meal. If absorption rates are in i t i a l l y high when 
the gut is comparatively enpty but then decline with increasing 
fullness of gut to seme lower asymptotic value, v^en gut emptying 
equals food intake rate, then for a given amount of food consumed, a 
few large meals V70uld result in less overall food absorbed than would a 
series of smaller meals. 
Low growth rates on large prey is not in itself of adaptive 
significance. The whelks were faced with two alternatives, either to 
feed on the large prey or not to feed at a l l . Having invested a 
considerable amount of resources into gaining access to the large meal, 
the animal does not then only consume sufficient to provide for maximum 
efficiency. 
Such apparently wasteful behaviour has been highlighted by Branch 
(1981). From his study of limpets Branch draws a distinction between 
'conserver' and 'exploiter' species which have differing metabolic 
strategies that depend on food supply. 'Conservers', which experience 
food shortages, conserve eneirgy resources by efficient absorption and a 
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reduction in both metabolic and excretory energy danands. Conversely, 
'exploiters', V7hich have an abundance of food, have high rates of 
metabolism and mucus production and low absorption efficiencies. 
Within an individual species of limpet, sane degree of variability in 
the pattern of food utilization was noted. 
One specific example of metabolic adaptation in the face of a 
variable food supply was provided by the present study. At lov/ prey 
density, 10mm whelks feeding on 20mm mussels ate fewer mussels, 
consumed less flesh, yet by having a higher assimilation efficiency 
grev/ as much as v/helks at a prey density eight times higher. A similar 
response was found by Ansell (1982b) in that Polinices catena ate fewer 
and grew less on low prey density but conversion efficiencies (as mean 
total weight increnent per prey item consumed) were increased. 
A few previous studies on predatory gastropods have attempted to 
relate sane aspect of grcwth to prey size. Palmer (1983) used net 
growth as a measure of prey value for three thaidid species feeding on, \ 
among others, three sizes of mussel (size range 20.0 to 52.Sram). In 
only seven of eighteen instances were growth rates significantly 
affected by mussel size, but in each of these there was a decrease in 
growth rate on the largest mussels, as found here. Increase in 
predation and consumption rates v/ere responsible for increased growth 
rates of Clione limacina v^en feeding on large Spiratella retroversa 
(Conover & L a l l i , 1972). 
In contrast to the present study, Garton (1986) found that 
consumption rates of oyster d r i l l s were higher on a small oyster diet 
than on a large oyster diet. Since there was no difference in energy 
losses between the tv/o groups, significantly increased SPG was found on 
small oysters. However the efficiency with vhich the consumed food was 
used, both gross and net gross.efficiencies, were significantly higher 
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on the large prey diet. This Garton attributed to the observed 
reduction in absorption efficiency v/ith higher consimiption rates in the 
sraall oyster diet group. So in the case of the oyster d r i l l s , large 
meal size did not reduce assimilation efficiency as has been suggested 
for the whelks in the present study. 
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CHAPTER 5 HANDLING COSTS AND DETERMINATION OF RATE OF ENERGY GAIN 
5.1 Introduction 
Ihe optimal foraging theory predicts the behaviour of animals while 
they are foraging. The energy maximization hypothesis states that, 
faced with a choice of food, a predator should choose itans that 
maximize reward, usually defined as the net energy gain per unit 
feeding time (Schoener, 1971). 
The energy gain fran an itan of prey is strictly the net energy 
assimilated from a food itan, i.e. gross energy extracted minus energy 
costs of handling and digesting the food (Townsend & Hughes, 1981).- In 
practice handling and digestive costs are usually assumed to be equal 
for the different prey itans, and energy gain is made equivalent to 
energy intake (Elner & Hughes, 1978? Hughes & Elner, 1979; Cook & 
Cockrell, 1978; Kitchell et al . , 1981; Dunkin & Hughes, 1984; Hughes & 
Dunkin, 1984; Bence & Murdoch, 1986). Energy value of a prey itan 
becanes energy intake from that itan divided by the time taken to 
handle that prey itan. 
This approach was adopted in the determination of energy value of 
different size mussels, as prey, to juvenile N. lapillus. The present 
chapter is concerned with the determination of the functional 
relationships between handling costs and predator and prey size. Fran 
these relationships, energy gain per unit handling time (E/Tj^ ) has been 
determined. Inspection time has not been included, handling costs are 
considered only as drilling and ingestion time. 
5.2 Drilling Rates 
5.2.1 Method 
Ihe rate at which dogwhelks can penetrate mussel shells was 
determined by interruption of the drilling process. Single mussels. 
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housed in experimental pots (section 2.3.2) were left in the continuous 
immersion system (section 2.3.1) ovejmight to allow them time to 
attach. VJhelks of varying size (range 5.3 to 31.9mra) were added singly 
to each pot the following morning. The size of mussel allocated to 
each whelk was generally once to twice the length of the whelk, to 
ensure that the time required forcorplete pjenetration of the shell 
exceeded the time allowed for drilling. 
A drawing was made of the position of each whelk in relation to its 
prey every 30 minutes for the next 8 hours. At the end of this period 
any whelks which were in close contact with a mussel in a potential 
feeding position, and had been stationary for at least one hour, were 
left undisturbed. Other whelks were removed fran the pots. Drilling 
time was taken as the time fran a settled feeding position to the time 
that the whelks were ranoved (range 15 to 23 hours later). For large 
i^elks depth of borehole was determined by taking four measurements of 
mussel shell thickness around the hole to obtain a mean and subtracting 
the depth of remaining shell at the hole site. The use of a pointed 
anvil micraneter allowed accurate shell thickness measuranents (to 
within 0.005nin) of a l l parts of the curved mussel shell. For smaller 
whelks the diameter of the hole was less than that of the points of the 
micraneter, so hole depth was measured directly using a Zeiss standard 
14 as a travelling microscope (again to within 0.005mm). As a check of 
consistency between the two methods, sane holes were measured by both 
techniques. 
5.2.2 Results 
The two methods of measuring hole depth, by micraneter and 
microscope, did not yield significantly different values (t-test for 
paired canparisons, _t = 0.024, d.f.= 8, NS). The rate of drilling 
(mm/hour) as a function of whelk size displayed considerable variation 
-157-
(Fig. 50). Some of this variation may be explained by the experimental 
procedure. Initiation of drilling was taken as the beginning of the 
sequence in v/hich no further change in whelk position was noted. 
However a static predator on a prey item provides no guarantee of 
boring activity, so recorded boring rates may be an under-estimate of 
actual rates. Furthermore, since the observations were limited to half 
hourly intervals, error in the time of a settled position could have 
been + 30 minutes. However this timing error is negligible (+3%) 
canpared with the average total time allowed for drilling. 
Ihe relationship between Nucella size (x mm) and drilling rate (x 
mm/hour) was explored by MTiP (maximum likelihood program). An 
exponential function of the form 
y = A - B e"^ eqn 8 
provided a significantly better f i t (F = 9.0, d.f.= 1,62, P<0.01) than 
least squares linear regression. The fitted parameters of the 
exponential function were; 
Parameter S.E. 
A = 0.01505 0.00076 
B = 0.02233 0.01158 
K = 0.20048 0.08209 
Observed measurements, along with the fitted function, are given in 
figture 50. 
5.2.3 Discussion 
Drilling rate of Polinices duplicatus on Mercenaria were independent 
of predator size (range 23,5 to 57mm) and time elapsed since the 
initiation of boring (Kitchell et al . , 1981). Anala (1974, cited 
Crothers, 1985) found no correlation between the size of Nucella 
lapillus and the time taken to penetrate the shells of mussels or 
barnacles (predator size range and number of readings tinknov/n). In 
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Figure 50, Functional relationship between Nucella 
length (mm) and d r i l l i n g rate (mm/hour). Curve 
relates d r i l l i n g rate (jr) to Nucella length (x) 
according to the exponential function: 
y = 0,01505 - 0,02233 e' -0.20048X 
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contrast the present data suggest tha;t drilling rate increases rapidly 
up to a size of approximately 12mm although i t is effectively 
independent of size for whelks over 12mm. 
Penetration of the prey shell is a repeated cai±>ination of chemical 
dissolution by activity of the accessory boring organ (Chetail & 
Foumie, 1969; Webb & Saleuddin, 1977) followed by scraping of the 
softened material by the radula (Fretter & Graham, 1962; Carriker, 
1981). It might be envisaged that rate of shell dissolution, being 
chanical, is independent of whelk size but that the scaping phase, 
being mechanical, is more efficiently performed by larger whelks. 
Ihe mean rate of drilling fo^ Ind in the present study is in close 
agreement with other estimates for muricid gastropods, v*iich appear 
consistently lower than for naticids (table 17). Ihe average 
asymptotic value provided by the exponential function above gives a 
daily drilling rate of 0.36mm, exactly the value estimated for adult N. 
lapillus by Hughes & Dunkin (1984), although at the lower temperature 
of 12°C. 
5,3 Mussel Shell Thickness 
5.3,1 Method 
All the drilled mussel shells collected fran Whitsand Bay, as part 
of the field survey (section 3.2), in March, Septenber and October 1985 
were examined for shell thickness and position of boreholes. The 
thickness of the shell at the borehole site was estimated as the mean 
of four mieasurements around the hole. Shell thickness was measured (to 
within 0.01mm) with a pointed anvil micrometer. 
The maximum length (L mm) and height (H nm) of each shell was 
recorded. For shells larger than about 10mm shell dimensions were 
measured with vernier calipers, smaller shells were measured using a 
binocular microscope and gradtiated eye-piece (both to within 0.1mm). 
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Predator 
(Naticid 
Muricid) 
Lunatia 
nitida (N) 
Temp. n Predator Method Mean rate Reference 
size range drilling 
(mm) mm/day 
1 8.0 0.60 Ziegelmeier, 
1954 
Polinices 
duplicatus (N) 
20 18 23.5 a) 0.54 Kitchell et 
-57.0 al.,1981 
?to-ex 10-15 
erinaceous (M) 
25.0 
-26.0 
a) 0.30 Pieron,1933 
Urosalpinx 
cinerea (M) 
? 36 0.40 Federighi,1931 
Urosalpinx 
cinerea (M) 
adults 0.50 Galtsoft et 
al. , 1937 
Urosalpinx 
cinerea (M) 
19-20 2 36.5 b) 0.32 Carriker & 
-37.3 Van Zandt,1972 
Nucella 
lapillus (M) 
0.34 Ziegelmeier 
1954 
Nucella 
lapillus (M) 
12 20 adults c) 0.36 Hughes & 
Dunkin, 1984 
Nucella 
lapillus (M) 
15 65 5.0 
-31.9 
a) 0.32 Present 
study 
Taible 17. Drilling rates of boring gastropods. 
Method a) = interrupted drilling, b) = microhydrophone recordings of 
radular movements and c) calculated fran total feeding time minus 
estimated ingestion time. 
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Hole position was quantified as the horizontal distance of the borehole 
fran the anterior end of the shell (A ram) and fran the ventral surface 
(B mm), (Fig. 51). ^feasuranents were made to within 0.5nin, again using 
calipers or microscopic examination, as appropriate, care being taken 
to avoid parallax errors. 
5.3,2 Results 
The best f i t functional relationship between mussel shell thickness 
(Y ran) and the three separate variables, shell length (L ram), distance 
fran the anterior end of the shell (A ram) and distance frcm the ventral 
siarface (B ran) were; 
For each month separately, stepwise regression analysis was 
performed on the transformed data to determine i f a l l three variables 
were contributing significantly to shell thickness (table 18). The 
partial regression coefficient of log., Q H/B was not consistently 
different fran zero, so to simplify the relationship this variable was 
removed fran the model and a new multiple regression equation fitted. 
In the reduced model the partial regression coefficients associated 
with both mussel length and position on the shell in relation to the 
anterior end, were consistently and highly significantly different frcm 
zero. Consequently the reduced model was deemed appropriate. 
Analysis of covariance (method in Zar, 1984, p347) revealed that 
there was a significant difference between the months (P = 3,9, d,f,= 
6,456, P<0.001 ),and that March was different fran the other two months. 
Plausibly this inconsistency resulted fran the difference in the size 
frequency distribution of the mussels measured. Whereas in March 
mussels of less than lOram length made up only 3% of the total, in 
a., + b., log^ jQ L 
^2 + ^ 2 log^ iQ L/A 
^3 ^3 l°5-]o 
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Figure 51, 
a) Measurements used to determine position 
on the mussel shell from which shell 
thickness dimensions were taken, -
b) Qualitative effect of position on the 
thickness of a mussel shell. Arrows point 
to regions of increasing thickness. 
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Date 
March 
Sept. 
Variable 
log., „L 
log., 
log 
L/A 
H^/B 
10 
l o g l O 
log 
log 
10 
10 
L/A 
H/B -
October log 
log 
log 
10 
10 
10 
L/A 
H/B -
b Sb d.f. t 
0 .8591 0.0451 179 1 9.04 <0.001 
0 .2554 0.0212 179 12.04 <0.001 
-0 .0852 0.,0238 179 -3.58 <0.001 
a = -1 .6513 
0 .9236 0.0499 91 18.53 <0.001 
0 .1487 0.0404 91 3.69 <0.001 
0 .0463 0.0595 91 -0.78 NS 
a = -1 .7088 
1 .0404 0.0302 183 34.47 '<0.001 
0 .1486 0.0193 183 7.70 <0.001 
0 .0677 0.0258 183 -2.63 <0.01 
a = -.1 .8375 
Table 18. S t a t i s t i c s provided by the multiple regression 
analysis of mussel s h e l l thickness (Y) i n r e l a t i o n to 
mussel s h e l l length (L) and pos i t i o n on the s h e l l (L/A and 
H/B), according to the model 
log.,Q Y = a + b., l°5-|o^ + ^2 ^°^-\o^^^ ^3 ^°'3-\q^/'B 
(A and B defined i n F i g . 51). Sb = standard deviation of 
coe f f i c e n t . 
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Septanber and October they made up 28% and 27% respectively. To ensure 
that a l l mussel sizes were represented the data from the three samples 
V7ere combined and ah overall multiple regression analysis performed, 
giving; 
y = -1 .80 (+0.027) + 0.977 (+0.022) x., + 0.161 (+0.013) yi^ eqn 9 
;i±iere y = log-^ Q shell thickness (mm) 
X.J = log.,Q shell length (mm) 
X2 = log-|o shell length / distance fran anterior end, 
(F = 1047, d.f.= 2,462, P<0.001) (values in parentheses = S.D.). 
5.3.3 Discussion 
J^issel shell thickness varies v/ith location, slower grov/ing 
intertidal mussels possess thicker, heavier shells relative to their 
length than si±)tidal populations (Fox & Coe, 1943; Baird & Drinnan, 
1957). For the intertidal population under study shell thickness was 
directly proportional to length of mussel, modified by position on the 
shell. The shell was thickest at the anterior end, in the oldest part, 
becoming progressively thinner towards the outer margin in the region 
of newest growth. The tendency for the shell to be thicker towards the 
dorsal surface vras due to the particularly thickened ridge at the hinge 
region. Within any one area of shell variation occurred on a small 
scale, with thickened ridges that have variously been attributed to 
annual growth rings (Seed, 1973) or to distiirbances caused by exposure 
to wave action (Harger, 1970). 
5.4 Ingestion Rates 
5.4.1 Introduction 
Ingestion rates were determined using mussels in which the posterior 
adductor muscle had been cut, allowing vfcelks easy access to the flesh. 
This procedure produced a far higher feeding response rate frcm whelks 
than provision of intact mussels. Although rates of ingestion from a 
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gaping mussel may differ frcm those through a borehole, the alternative 
was to allow whelks to d r i l l and then consi:ime, applying mean drilling 
rate to estimate the transition point between drilling and ingestion. 
By this method variation in drilling rate would have added to variation 
in measured ingestion rate. 
5.4.2 Comparison of Methods to Assess Amount Ingested 
5.4.2.1 Introduction 
3^easurement of ingestion rate by I^cella requires an assessment of 
the amount of mussel flesh consumed, an estimate of which can be gained 
by the difference between i n i t i a l and final weight of the prey. Ihe 
usefulness of dry weight and wet weight differences was explored by 
canparing the results with a known amount ronoved. 
5.4.2.2 Method 
The posterior adductor muscle was cut in twenty mussels of varying 
size (range 10.4 to 28.3mm). The gaping shell of each mussel was 
stood, dorsal side uppermost, on absorbent paper to allow the mantle 
cavity fluid to drain out. The shell surface was blotted dry and the 
entire animal weighed. Each mussel was placed in a separate pot in the 
continuous immersion system (section 2.3.1) for four ho\irs, after which 
the drying and draining procedure was repeated. 
A portion of the mussel flesh was removed, the amount varied 
randanly but included gonad and digestive gland f i r s t to simulate the 
feeding preference of a whelk. The wet weight of the ranoved portion 
was determined and the dry weight found after 24 hours of oven-drying 
at approximately 90°C. These weights represented the real amount 
'eaten' against which the values estimated by the two separate methods 
could be judged. 
I-Sussels fran which the portion had been ranoved were blotted dry and 
drained as previously described. A wet weight value for these 
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mutilated mussels was found, the retaining flesh renoved, weighed, 
oven-dried and re-weighed. Figure 52 provides a flow diagram of the 
method and the values conputed. 
To assess the amount of flesh ingested by the dry weight met±od, the 
dry weight of the flesh ranains v;as siabtracted frcra the predicted 
i n i t i a l dry weight for a mussel of that size. The predicted values 
v/ere gained from a length:dry weight least squares regression analysis 
performed on log transformed data of a separate sample of mussels from 
the same batch (n = 30), 
(log^ jQ mg dry weight = -2.30 + 3.10 log.,Q mm length, F = 1368, d.f.= 
I, 28, P<0.001). 
Amount ingested by the wet weight method, was taken as the 
difference between i n i t i a l v/et weight and wet weight following 
mutilation. Wet weight of flesh was converted to its dry equivalent 
fron a wet:dry weight conversion factor established on the same 
mussels. The mean wet:dry ratio used VTas 5.45 (S.E.= 0.16), one data 
point was removed canpletely since i t gave a spurious wet:dry ratio of 
II. 1. 
5.4.2.3 Results 
The differences in total animal drained wet weight before and after 
the 4 hour immersion period, expressed as a percentage of the fi r s t 
weighing, varied fran +4 to -14% (mean = -5.7%). A b-test for paired 
cdnnparisons showed that the mean difference between the pairs of data 
was significantly different from zero (t = 5.2, d.f.= 18, P<0.001). 
The overall reduction in wet weight could have been due to an actual 
loss of organic material fran the damaged nnissels or to low 
reproducibility of the draining procedure. The f i r s t hypothesis can be 
tested. Since the total dry weight of each animal was known (dry 
weight 'eaten' + dry weight flesh retnains) these could be canpared with 
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Figure 52, Flow diagram to assess amount ingested by dry 
and wet weight methods. 
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weights predicted by the length:dry weight regression. The mean 
difference between actual and predicted dry weight represented a mean 
loss of only 0.6mg, which v/as not significant (paired ccmparisons 
t-test, t = 0.22, d.f.= 18, NS). It must be concluded that there was 
no actual loss of flesh by leaching but that there was inconplete 
draining of mantle cavity fluid in the i n i t i a l weighings. 
To determine which of the two methods provided the best estimate of 
the amount 'eaten' the dry weight values of each method were canpared 
with those of the actual amount removed. An accurate method would 
provide a ratio of real loss:predicted loss close to mity. Ihe mean 
ratio for the dry weight method was 0.99 (S.D.= 0.37) and for the wet 
weight method 0.65 (S.D.=: 0.15) The paired canparison t-test showed 
that the mean of the differences between the real and estimated amount 
'eaten' was not significantly different from zero in the dry weight 
method (t = -0.22, d.f.= 18, NS) but was significantly different for 
the wet weight method (t = -4.77, d.f.= 18, P<0.001). 
5.4.2.4 Discussion 
There was no apparent loss of mussel flesh, by leaching, during the 
4 hours of immersion. An accurate prediction of the average amount of 
flesh removed was provided by the dry weight method, although the 
results were highly variable. The dry weight method will be sensitive 
to variability in flesh content of mussels of a given size because the 
in i t i a l dry weight has to be estimated fran an average dry 
weight:length relationship. However when the results are pooled, the 
average response is close to the real one. 
By contrast the wet.weight method did not accurately predict the 
real value, i t consistently over-estimated the amount renoved, due to 
lack of reproducibility of the draining procedure from one occasion to 
another. The method was, however, less variable, since i t was not 
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subject to inherent variation in flesh content. 
To procure an average real value of the amoimt of flesh ingested the 
dry weight method should be employed, while to obtain the overall 
response, the v/et weight method v/ill provide less variable results. 
5.4.3 Time Course of Ingestion 
5.4.3.1 Introduction 
VJhen feeding on a single prey itan the ingestion rate of insect 
predators has been shov/n to be a declining function of the time spent 
feeding (Cook & Cockrell, 1978). An analogous response would be 
expected for Nucella since at one sitting i t can consume at least twice 
its own body weight in mussel flesh, a process taking several days. To 
determine the effect of time since the commencanent of feeding on the 
amount of flesh ingested, whelks were monitored for a range of time 
intervals. 
5.4.3.2 Method 
Both wet and dry weight methods were used to estimate the amount of 
flesh consumed as in section 5.4,2. Animal size was standardized, 
Nucella were in the range 14 to 16nim and mussels in the range-19 to 
21nTO. There v/ere two experimental runs, one month apart, the f i r s t in 
October 1986. A fresh batch of whelks was collected frcra Whitsand Bay 
for each run and they were starved for 2 weeks prior to each 
experiment. In the f i r s t run fifty-four whelks were accommodated in 
separate pots in the continuous immersion system (section 2.3.1), 
supplied with a single gaping mussel and allocated a feeding period of 
either 2, 4, 8, 16, 20 or 24 hours. For the f i r s t fourteen hours the 
whelks were observed every 15 minutes to determine the time at which 
feeding commenced and to check for continuous feeding. Within this 
time the regimes 2, 4 and 8 hours were complete; however for the longer 
time regimes monitoring did not continue overnight. 
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In the second run the whelks were monitored for a continuous period 
of 28 hours/ the observation interval being increased to every 30 
minutes fran mid-night to 06.00 hours. A total of fifty-six starved 
whelks were employed with randan allocation of a time regime of either 
2, 4, 8, 12, 16, 20 or 24 hours. 
A separate length:dry weight relationship for the mussels was 
carried out for each run to provide predictions of i n i t i a l dry v/eight 
content. Also, for each run, a separate wet:dry weight ratio was 
calculated and used to convert estimated wet flesh weight eaten to dry 
weight. 
5.4,3.3 Results 
Of the 110 whelks set up nineteen did not feed. Ihe whelks that 
came off during the night in the f i r s t experiment could not be included 
in the analysis, nor, on reflection, could the ones allocated more than 
8 hours feeding time, since i t was not certain that they had fed 
continuously. Ihese two categories accounted for twenty-three whelks. 
Of the remaining sixty-eight, f i f t y whelks were renoved at the allotted 
time and the ronaining eighteen came off of their own accord. Figure 
53 shows how each method predicted the amount of flesh ingested for 
each experimental run, categorized into those taken off and those 
finishing before time. 
Ihe data fran both runs were pooled since there was no apparent 
tendency for one run to produce consistently higher values than the 
other. A l l the whelks left sane flesh uneaten, the mean dry flesh 
weight content of a 20mm mussel v/as 51.8rag. The wet weight method 
provided significantly higher estimates of the amoimt ingested than the 
dry weight method (t-test for paired canparisons, t_= 4.9, d.f.= 67, 
P<0.001). 
Ihe effect of time on the mean consxitnption of mussel flesh for only 
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Figure 53, Consumption of mussel f l e s h (mg dry weight) by 
in d i v i d u a l Nucella (14-16mm length) feeding on gaping 
mussels (19-21mm length) i n r e l a t i o n to time allowed f o r 
feeding, using a) dry weight and b) wet weight methods 
to assess consumption, 
o = 1st run, whelks removed; • = 1st irun, whelks came o f f ; 
• = 2nd run, whelks removed; • = 2nd rxm, whelks came o f f . 
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those individuals removed, for both methods, is shovm in figure 54. 
Although the data for these cixrves were derived from the same source, 
they show distinctly different trends and sane canpranise is required. 
'^Jhereas the wet vzeight method shows a steady decline in consumption 
rate with time, the dry weight method has a marked discontinuity at 12 
hours. The apparent drop in the amount consumed at 16 and 20 hours 
shov/n by the dry weight method might be attributable- to the fact that 
those whelks s t i l l left feeding (n = 3 & 4 respectively) were slow 
consumers. The mean amount consumed by whelks v^ich left of their ovm 
accord during the 12 to 20 hour period was 25.63mg (S.E.= 2.4mg) which 
represents a slight increase on the 12 hour value of 23.3mg. 
5,4,3.4 Discussion 
The wet weight food extraction curve is similar to those found by 
Cook and Cockrell (1978) for insect predators. As an approximation, 
and for the purposes of the E/T^ ^ model, i t was considered that the 
ingestion curve consisted of two straight lines, an i n i t i a l high rate 
of ingestion followed by a slower rate. The transition point needs to 
be established for each size of whelk. For the 14 to 16mm whelks used 
in the time course experiment the inflection point was considered to 
occur at 12 hours. Using the dry v;eight method values, and removing 
one spuriously low value, the mean amoimt consumed in 12 hours was 
27mg. Since a 15mm v/helk has a body weight of approximately 30n^, for 
simplicity i t v/as considered that the transition point occurs when a 
whelk has consumed the equivalent of its own body weight in mussel 
flesh. 
5.4.4 Effect of Nucella Size on Ingestion Rate 
5.4,4,1 Method 
Sixty-two whelks in the size range 6,6 to 28,5mm were starved for 2 
weeks following collection fran the field. Each whelk vras provided 
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Hours 
Figure 54, Ingestion curves for 14-16inin Nucella 
feeding on 19-21mm mussels, using wet weight 
(• •) and dry weight (o o) methods. 
Values are means (+S.E,) of the individuals 
removed at the allotted time. 
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with a gaping mussel of approximately its own length. Each predator 
along with its prey v/ere acconmodated in separate pots in the 
continuous immersion system (section 2.3.1) and checked every 15 
minutes to determine the time at v/hich the whelks conmenced to feed and 
to monitor for continuous feeding. After a mean period of 7.2 hours 
(S.D.= 1.2 hours) the whelks were removed and the dry weight of 
remaining mussel flesh determined. Thus data were collected for the 
determination of ingestion rate by the dry weight method. 
5.4.4.2 Results 
Of the i n i t i a l sixty-two whelks, f i f t y fed continuously on the flesh 
of the gaping mussels. The other twelve either did not feed or fed 
intermittently, data for these are not included in the analysis. The 
rate of ingestion of mussel flesh was a function of Nucella length, 
(Fig. 55) and can be related by the least squares regression equation: 
y = -2.91 (+0.34) + 2.74 (+0.28) x 
v^ere y = log^ jQ ingestion rate in mg/hr 
and X = log^iQ Nucella length in ram. 
(Values in parenthesis are S.D.), (F = 97.1, d.f.= 1,48, P<0.001). 
The time allov/ed to feed did not significantly affect the rate of 
ingestion (ANGOVA, F = 2.4, d.f.= 1,47, NS). 
5.4.4.3 Discussion 
Feeding rates have commonly been found to be proportional to the 
power of body weight i.e. 
Y = aX^ 
v/here Y represents feeding rate, X the body weight and. _a and b fitted 
constants. In the present study the exponent relating ingestion rate 
to Nucella length was 2.74, and that relating length to dry weight 3.14 
(Bayne & Sciillard, 1978a), thus providing an exponent of 0.87 relating 
ingestion rate to body weight. Other estimates for molluscs of varying 
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Figure 55. Effect of Nucella length (mm) on 
ingestion rate (mg/hour). Curve relates 
ingestion rate (Y.) Nucella length (x) 
according to the function: 
log-^y = -2.91 + 2.74 log.,^x 
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feeding types (table II, Bayne & Newell, 1983) are lower than this 
value, indeed Bayne and Scullard (1978a) fomd the exponent to be 0.555 
for N. lapillus. Since ingestion rates might be expected to be 
proportional to the cross-sectional area of the feeding apparatus the 
value of 0.67 has been predicted for the exponent relating ingestion 
rate to body weight (Hughes, 1986). Hov/ever that the exponent can be 
higher than the tlieoretical value has also been shov;n for Polinices 
duplicatus at 0.81 (Edwards & Heubner, 1977), for Patella vulgata at 
0.94 (Wright & Hartnoll, 1981) and for Natica maculosa at 1.01 (Broon, 
1982). 
5.5 • Determination of Rate of Energy Gain (E/Tj^) 
5.5.1 Introduction 
lb determine the ontogenetic changes in the effect of mussel size on 
prey profitability knowledge of mean costs, in terms of handling time, 
and mean benefits, in terms of energy gain per prey item eaten, were 
required for each predator-prey regime. The selection of mussel sizes 
against which the predictions of the E/T^ ^ model v/ere to be judged, were 
determined over a period of 28 days feeding (section 6.2), during which 
time the whelks grew approximately 5mm. A l l values calculated in the 
model are based upon the expected mean size during the four weeks of 
feeding (i.e.. for 7.5, 12.5, 17.5 and 22.5mm whelks). 
5.5.2 Method 
Handling time was taken as the sum of drilling time and ingestion 
time. Drilling time was calculated as mussel shell thickness at the 
central point of a valve (eqn 9, section 5.3) divided by drilling rate 
(eqn 8, section 5.2). Drilling rate was considered independent of 
depth of hole. 
Fran the time course experiment (section. 5.4.3) the amount of flesh 
ingested was regarded as a rectilinear function of ingestion time, the 
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point of (infle^iOTi\ occurring once the whelk had consumed its own body 
v/eight in mussel flesh. Rate of ingestion during the second phase was 
slower than in the i n i t i a l phase (Fig. 56). 
For the purposes of the E/T^ model the functional dependence of 
ingestion rate on Nucella size during the i n i t i a l phase was taken as 
the rate determined in section 5.4.4. Rate of ingestion during the 
second phase was considered seme function of the i n i t i a l rate, 
irrespective of whelk size. To determine the functional relationship 
between i n i t i a l rate and final rate of ingestion, detailed observations 
of each predatory event by 10mm whelks feeding on 20mm mussels in the 
large prey experiment (section 4.3.3) were utilized. For each mussel 
eaten (n = 39) the following parameters were known; a) the size of 
whelk just prior to feeding and hence drilling and ingestion rates, b) 
the size of mussel drilled and the thickness of the shell at the 
borehole site, thus drilling time, c) the amoiint of mussel flesh 
ingested and d) total time for the vAielk to feed, i,e. the observed 
handling time. 
The predicted time to d r i l l and ingest each prey iten vras calculated 
by taking the second rate of ingestion as different fmctions of 
i n i t i a l rate, until the geometric mean regression (Sokal & Rholf, 1981) 
of observed handling time against predicted handling time yielded a 
slope of unity, 
A slope of 1.03 was obtained when the second phase of ingestion was 
one third of the i n i t i a l rate. Thus total ingestion time was 
calculated as the time required tO'ingest a meal of up to the predators 
ov/n body weight at the i n i t i a l rate, plus, i f consuming more than its 
ovm weight, the time taken to consume the rest at one third the i n i t i a l 
rate. 
'Return, in terms of dry mussel flesh weight gain per prey item 
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Time 
Figure 56, Estimated flesh extraction curve for 
Nucella feeding on mussels, as used in the 
model to predict energy gain per unit handling 
time on different sizes of prey, The 
transition point A occurs when whelks have, at 
one sitting, consumed the equivalent of their 
own body weight in mussel flesh. 
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eaten, was derived fran the mean meal sizes observed for each 
predator-prey regime during the grov/th rate experiments {-sections 4.3.2 
& 4.3.3). The mean meal sizes obtained represented those consumed by 
v/helks during the course of growing from sane i n i t i a l size to sane 
final size. For each mussel size, mean meal size v/as plotted as a 
function of mean size of Nucella during the feeding period, and the 
values required for the model (i.e. 7.5, 12.5, 17.5 and 22.5mm) 
obtained by linear interpolation. 
5.5.3 Results 
Prey profitability \-/as defined as the ratio of mean dry weight 
mussel flesh ingested to mean handling time. The functional dependence 
of prey profitability, as derived from the F/T^^ model, on prey size, 
for the four sizes of juvenile Nucella, is shown in figure 57. r4aximum 
E/T^ values occurred on larger mussels with increasing Nucella size. 
For a l l sizes of whelk, 5mra nmssels were the least profitable. 
Profitability rose rapidly until the maximum v/as reached and thereafter 
f e l l slowly as prey size increased. Larger whelks displayed 
consistently higher E/T^^ values than smaller whelks. 
5.5.4 Discussion 
Kitchell et a l . (1981) determined cost:benefit f motions for 
Polinices duplicatus feeding on a variety of prey types of different 
size in which handling costs were considered only as drilling times. 
For each prey type the largest prey were the most profitable, m t i l the 
prey were too large to be raardpulated or the shells too thick to be 
drilled, at which point benefits dropped to zero. An upper limit to 
the mechanical ability of N. lapillus to d r i l l mussels was not reached 
in the predator-prey size regimes considered here. 
Similarly prey profitability for adult N.lapillus feeding on a 
range of mussel sizes was found to. increase as prey length increased to 
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Mussel sizeCmm) 
Figure 57. Relationship between mussel length (mm) 
and their predicted value to four" sizes of 
juvenile Nucella. Prey value calculated as 
(dry weight of mussel flesh ingested).'/(drilling 
plus ingestion time). 
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the maxL-num length of mussel used, i.e. 40ram (Hughes & Dunkin, 1984). 
In the latter study Hughes and Dunkin ccmment that profitability may be 
expected to decrease on prey larger than 40ram, as drilling time 
continues to increase but meal size may reach an asymptote. Although 
asymptotic meal size v/as not built into the present model, the handling 
costs associated V7ith the larger prey were not offset by the increase 
in dry flesh mussel weight gain, and the predicted drop in E/T^, 
although slight, was noted for each predator size. 
A ccmparison of the absolute values of dry mussel weight gain per 
unit handling time, show that the present figures are roughly double 
those of Hughes and Dunkin (1984), with the expectation that i f adults 
had been included in the present model values would have been higher 
s t i l l . Part of the discrepancy between the two absolute values can be 
explained by the inclusion of inspection time in total handling time by 
Hughes and Dunkin. Inspection time was found by theati to be independent 
of mussel length, at approximately 2 hoiors. Inclusion of a two hour 
inspection period in the present model reduces overall E/T^ ,^ but only 
substantially for meals of short duration, for example, for 20mm. 
Nucella feeding on Smm mussels E/T^ ^ reduces by 2S% of its stated value, 
but only by 1% when feeding on 60ram mussels. 
Predictions frcm the E/Tj^ model, along with those of the growth rate 
model, are conpared with observed selection of mussel size in section 
6.2. 
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CHAPTER 6 PREY SIZE SELECTION 
6.1 Introduction 
^i3dels of optimal diet require that predators can distinguish 
between different prey items and that they are able to rank them 
according to sane benefit measure. For Nucella i t has previously been 
shown (Bayne & Scullard, 1978a; Hughes & Dunkin, 1984) that they 
neither forage at random, nor make foraging decisions on a density 
dependent basis, thus at least the f i r s t criterion is met. The 
decision rules that govern prey selection are less easily determined. 
The two models of prey profitability, that of growth rate potential 
(section 4.3.5) and that of rate of energy gain (section 5.5) had sane 
conmon characteristics. Both agreed that for a given size of Nucella 
not a l l mussels were equally profitable, that proportionally small and 
large mussels were the least profitable and that the optimum size of 
prey increased as predator size increased. However they differed in 
that the most profitable mussel size, as defined by rate of energy 
gain, was larger, sanetimes considerably, than that providing greatest 
growth potential. Accordingly discrepancies exist between the 
predictions of each model as to how predators should behave when 
selecting food itons. 
Where conflict exists between observed behaviour and predicted 
optima the most usual explanations are as follows. First, that since 
organisms are integrated units, most behavioural characters cannot be 
considered in isolation. The many behavioural components that have to 
be maximised i f overall fitness is to be maximised, may impose 
constraints on the optimal foraging strategy. Second, lack of 
agreement between predicted and observed behaviour may be due to the 
nature of the model, either in the setting up of inappropriate goals on 
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which natural selection might be expected to act, or that a l l the costs 
ard benefits within the optimality model have not been accounted for or 
accurately measured. Ihird, that the rate of environmental change 
exceeds the rate of optimal strategy evolution (Cody, 1974). 
The present chapter aims to explore the mussel size selection by 
developing Nucella in both the laboratory (section 6.2) and the field 
(section 6.4) and to compare observed patterns of choice to the 
predictions generated by the two models of prey profitability. 
6.2 Laboratory Choice Experiments 
6.2.1 Method 
Ihe experimental procedure was the same in a l l respects to that of 
the juvenile growth rate experiment on small to mediiam prey (section 
4.3.2.1) except that rather than feeding on a pure diet of one mussel 
size the v^ielks were supplied with mussels of two sizes. The number of 
each prey size provided was halved to maintain overall prey surface 
area equal to that in the growth rate experiment. One individual fran 
each of the four size classes of whelk was provided with one of the 
following pair-wise canbinations of mussel size; 5 +10mm, 5 + 15mm, 5 + 
20mm, 10 + 15nm, 10 + 20mm or 15 + 20nin. Ihis constituted one 
replicate. Four replicates of each combination of prey sizes were 
performed, between January and July 1986, concurrently with the growth 
rate experiment. 
6.2.2 Results 
The number of each prey size eaten, over the 28 days of feeding, for 
each size of Nucella in the four replicates are given in table 19. Ihe 
log-likelihood ratio test (Sokal & Rholf, 1981) was applied to each 
replicate separately and to the pxDoled frequencies. 
Since the total surface area of each prey size was equal, the 
expected frequencies were based on the null hypothesis of a 1:1 ratio 
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a) 5inm Nucella 
Replicate 1 2 3 4 
Prey choice 
5 V lOirai 8:4 9:7 16:7 5:1 
NS NS NS NS 
5 V 15inm 22:1 21:3 26:3 9:0 
<0.001 <0.001 <0.001 <0.001 
5 V 20iTim 26:1 10:3 29:1 6:0 
<0.001 <0.05 <0.001 <0.05 
10 V ISmm 5:3 7:3 6:1 4:1 
NS NS NS NS 
10 V 20iiim 7:1 4:2 7:2 5:0 
<0.05 NS NS <0.05 
15 V 20imi 3:2 4:1 4:0 4:0 
NS NS <0,05 <0.05 
S S 
NS <0.05 NS 
NS <0.001 <0.001 
NS <0.001 <0.001 
NS <0.01 NS 
NS <0,001 <0.001 
NS <0.005 <0.05 
Table 19, Nixnbers of each mussel size eaten when offered in 
pair-wise catibinations to juvenile N, lapillus of i n i t i a l length 
a) 5ram, b) 10mm, c) ISnm, d) 20iini, Feeding period v/as 28 days. 
Significance levels are given for G-statistic for each of four 
replicates separately; G„ = G for heterogeneity, d,f,=3; G„ = 
rl e 
pooled value of G, d.f,=1; G^  = total G, d.f,=4. (tables 19 b, c 
& d overleaf) 
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b) lOnm Nucella 
Replicate 1 2 3 4 S 
Prey choice 
5 V lOitim 11:13 8:16 6:15 5:6 NS <0.05 
NS NS <0.0S NS 
5 V ISnun 18:S 4:8 13:9 9:2 <o.os NS 
<0.01 NS NS <0.05 
5 V 20mm 23:2 33:3 10:6 2:2 <o.os <0.001 
<0.001 <0.001 NS NS 
10 V 1 Siren 3:S 13:6 7:6 6:0 <0.05 NS 
NS NS NS <0.01 
10 V 20mm 10:1 8:3 9:3 5:0 NS <0.001 
<0.01 •NS NS <0.01 
IS V 20mm 2:3 4:3 4:3 1:1 NS NS 
NS NS NS NS 
c) 15mn Nucella 
Replicate 1 2 3 4 SI S 
Prey choice 
S V lOnm 8:16 2:29 4:37 3:20 <0.05 <0.001 
NS <0.001 <0.001 <0.001 
5 V ISmm 14:11 1:10 5:12 7:5 <0.05 NS 
NS <0.01 NS NS 
S V 20mm 6:5 0:7 13:8 3:2 <0.05 NS 
NS <0.0S NS NS 
10 V ISmm 13:5 11:9 14:10 5:4 NS NS 
NS NS NS NS 
10 V 20mm 13:4 9:5' 4:8 5:4 NS NS 
<0.05 NS NS NS 
IS V 20mm 3:5 6:4 2:3 1:1 NS NS 
NS NS NS NS 
NS 
NS 
NS 
NS 
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d) 20nin Nucella 
Replicate 1 2 3 4 
Prey choice 
5 V lOmm 3:25 3:33 3:31 10:23 <0.05 <0.001 <0.001 
<0.001 .<0.001 <0,001 <0.05 
5 V ISinm 5:17 4:11 1:23 0:7 <0.01 <0.001 <0.001 
<0.01 NS <0.001 <0.01 
5 V 20mm 1:8 0:9 1:14 3:5 <0.05 <0.001 <0.001 
<0.05 <0.001 <0.001 NS 
10 V 1 Siren 8:13 20:13 22:12 3:6 <0.05 NS NS 
NS NS NS NS 
10 V 20mm 17:4 7:8 15:7 14:3 <0.05 <0.001 <0.001 
<0.01 NS NS <0.01 
15 V 20ram 6:5 7:7 10:5 3:1 NS NS NS 
NS NS NS NS 
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of numbers of each prey size eaten, presupposing that encounter rate is 
dependent on surface area. An overall significant departure frcm a 1:1 
ratio was only accepted i f total G was significant and the pooled value 
for G more significant than G for heterogeneity. The null hypothesis 
could not be accepted simply because G for heterogeneity was 
significant, since a significant value for heterogeneity can occur v^en 
there is a consistent trend within the replicates differing only in 
magnitude (see e.g. 15mm Nucella feeding on 5 V 10mm mussels, table 19 
c). Relative significance levels must be regarded with sane caution 
since, as larger prey took longer to handle, i t would be more difficult 
for a predator to eat significantly more large than small prey in the 
time available. 
Based on the results of the four replicates canbined the following 
selection of mussel sizes occurred. Of the significant results, 5mm 
whelks always chose the smallest of each pair, i.e. chose 5mm in 
preference to 15 and 20mm mussels, and 10 and 15mm in preference to 
20nm mussels. However they did not discriminate significantly between 
5 and 10mm nrussels or between 10 and 15mm mussels, although eating 
between two and three times the niamber of smaller prey. 
lOran Nucella ate significantly more 5 and 10mm than 20mm mussels, so 
again selecting the smaller prey. 
The only overall significant result for the 15mm whelks was that 
they chose 10mm in preference to 5mm mussels. 20nTO Nucella selected 
a l l three larger sizes in preference to 5mm mussels and ate more lOram 
than 20nm mussels. 
The general trend was for the smallest Nucella to eat the smaller of 
the prey pair offered, whilst the largest whelks discriminated heavily 
against the smallest prey. The ontogenetic shift in mussel size 
selection is more clearly seen in figure 58, as might be expected there 
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Figure 58. Numbers of each mussel size eaten (mm +_ 1mm) by 
juvenile Nucella of four different i n i t i a l sizes (mm + 1mm) 
during 28 days of feeding in the laboratory. 
Trials are grouped according to the prey pair-wise 
combinations that were offered to the whelks. Values are 
* the pooled frequencies of four replicates. G-statistic 
significance levels, to test for a significant selection 
of one mussel size over the other are; -K p<0.05, 
^^p<0.01, t^^K-K P < 0.001. 
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was a lack of discrimination, by a l l Mucella sizes, where larger prey 
differed by only Smm. 
6.2.3 Profitability Versus Selection 
6.2.3.1 Introduction 
Ihe profitability of different sizes of mussels to juvenile N. 
lapillus was defined in tv/o ways. First as the ability to prcxnote 
growth during a period in which the predator grew approximately Smm 
(section 4.3.2) and second, the energy intake per unit handling time of 
each prey size by predators at the mid-point of each size range 
(section 5.S.3). These .measiures of prey value are canpared with 
observed size selection, based on the numbers of each prey size eaten, 
during the time i t takes the predator to grow approximately Smm. 
V?hilst significant levels can be attached to differences in growth 
rate by a given size of predator on different prey sizes, no measure of 
variation was associated with the values of energy gain per unit 
handling time so i t cannot be stated with certainty that one prey size 
was more or less profitable than another. Thus denonstration of size 
preference can only be judged against the general trends in prey 
profitability. 
6.2.3.2 Results 
For each predator size separately the two measures of prey 
profitability were scaled to equalise the range of observations and 
presented on a comparative scale (Figs 59 to 62). No weight is 
attached to the relative positions of the two measures, only to the 
comparative effect of prey size on profitability. For ease of 
comparison the observed selection of mussel sizes by each v^elk size is 
shown alongside the profitability curves. 
Ihe growth rate model predicts that 5-10mm Nucella should select Smm 
in preference to IS and 20nim mussels, whilst the E/Tj^ model predicts 
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Figure 59, 
l^per figure - comparative p r o f i t a b i l i t i e s of 
different sizes of mussel to juvenile Nucella 
of Smm (+^  1mm) i n i t i a l length, according to 
energy gain per unit handling time (E/Tj^ ) and 
growth promoting potential. 
Lower figure•- numbers of each mussel size 
(mm) eaten, when offered i n pair-wise 
combinations, by juvenile Nucella of 5mm 
(+ 1mm) i n i t i a l length over 28 days of 
feeding, (Figures in the boxes refer to 
mussel size class (mm + 1mm)), Values are 
the pooled frequencies of 4 replicates. 
Significance levels for G-statisticsj 
-K p>0,05, 
-K-K p>0.01, 
-K-K-K p>. 0,001, 
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Figure 60. 
Legend as for figure 59, for juvenile Nucella 
of lOmm (+ liran) i n i t i a l length. 
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Figure 61, 
Legend as for figure 59, for juvenile Nucella 
of 15inm (+ linm) i n i t i a l length. 
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Figure 62« 
Legend as f o r f i g u r e 59, f o r juv e n i l e Nucella 
of 20inm (+ Imm) i n i t i a l length. 
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that 5imi mussels/ by being less profitable than a l l other sizes, should 
be excluded fran the diet. By eating more Sram prey than a l l other 
sizes these small whelks were behaving in accordance with predictions 
fran the growth rate model but not the E/T^ ^ model. Within the three 
larger prey sizes, whelks eat the smallest of each pair, predictions 
provided by both models. 
For 10-1 Smm Nucella, both models predict that Smm mussels should be 
excluded from the diet where larger prey are available. However in the 
selection experiments, although showing an insignificant tendency to 
select 10mm rather than Smn mussels, the smallest raussels are the 
preferred prey in combination with the three larger mussels, behaviour 
that contradicts the predictions of both models. Within the three 
largest prey sizes, growth rates were independent of prey size and thus 
this model would predict that no selection would occur. Ihe E/T^^ model 
suggests that ISmm mussels are the most profitable and should be 
selected in preference to 10 and 20nm mussels. Although the 
significant preference for 10 over 20ram raussels conflicts with the 
predictions of both models, that no selection occuorred between- 10 and 
ISram or between 15 and 20ram prey, is in accordance with the growth rate 
model but not the E/T^ ^ model. 
The only significant selection exhibited by the 15-20mm Nucella was 
that for 10 over Sram mussels, a prediction provided by both models. 
However both models also predict that 15 and 20nm mussels should be 
eaten in preference to Sram, but there was no evidence that this 
occurred. Whereas growth rates were independent of mussel size in the 
three largest prey groups, and no selection should occur between then, 
the E/TJ^ model predicts that the largest prey of each pair should be 
selected. That no significant selection occurred between the three 
largest prey sizes suggests that prey profitability defined by the 
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growth rate inodel more accurately predicts the animals behaviour. 
The prey profitability curves for the 20-25mm whellcs followed 
closely that of the 15-20rain Nucella. In agreement with both models, 
that Smm raussels, being less profitable, should be excluded from the 
diet v/hen larger prey are available, significant preference was shov/n 
in each case for the larger prey. Although significant differences in 
growth rate could not be detected on the three largest prey, and thus 
no selection should be evident between them, the E/T^ ^ model again 
predicts that the largest of each pair, being more profitable, should 
be the preferred prey. That there was no selection between 10 and ISmm 
mussels or between IS and 20mm prey again conforms more closely to the 
growth rate model than the E/T^ model of prey profitability. Ihe 
significant selection of 10ram over 20mm mussels was the only instance 
not predicted by the grov^ rate model. 
6.2.3.3 Discussion 
Ihe size preferences of juvenile N. lapillus as demonstrated in the 
laboratory experiments do not conform, in their entirety, v/ith the 
predictions of either model of prey profitability. However the growth 
rate model of prey value more closely predicted 1±ie aniraals choice of 
prey tihan did t±e energy intake per imit handling time model. It was 
apparent that the only cases where the E/T^ ^ model accurately predicted 
the predators size preference was when bot± models predicted the same 
outcome. Ihe whelks either consistently selected smaller prey than the 
E/TJ^ model predicted, or failed to select large prey where the E/T^^ 
model indicated them to be more profitable. This point wi-ll be 
returned to in section 6.S. 
6.3 Boreliole Analysis 
6.3.1 Intiroduction 
The size of boreholes made by predatory gastxopods has previously 
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been shewn fo be a function of predator size in Polinices duplicatus 
(Wiltse, 1980; Kitchell et al . , 1981) and Urosalpinx cinerea follyensis 
(Carriker & Van Zandt, 1972), but not for Dicathais aegrota (Black, 
1978). The functional dependence of borehole dimension on predator 
size has been used to investigate predator-prey size relationships in 
both recent (Wiltse, 1980) and fossil (Kitchell et al . , 1981) shell 
assenblages. The same approach v/as used in the present study for 
juvenile N. lapillus feeding on Mytilus edulis. The functional 
relationship between Nucella size and borehole dimension was 
established (section 6.3.2) and-measuranents of bored field collected 
mussels used to investigate predator-prey size relationships (section 
6.4). 
6.3.2 Method 
Nucella in the size range 1.5 to 30.4mm were housed individually in 
pots (section 2.3.2) with a mussel that was between one half and three 
times its own length, in the continuous immersion systan (section 
2.3.1). The lengths of predators were measured before feeding and 
separated into mm size categories (i.e 1.5-2.4mm ... 29.5-30.4nTO). 
Drilled shells were collected and borehole dimensions determined (to 
_2 
within 2x10 nm) using a Kyowa binocular microscope and calibrated 
eye-piece. 
Boreholes drilled by Nucella are fairly imiform in structiare, they 
resanble a truncated cone (plate 3) with the widest part of the cone 
on the external sxarface of the shell, and are drilled perpendicular to 
t±ie shell surface (Fig. 63). Holes are not perfectly circular, so to 
determine which parameter(s) of hole size would provide the best 
predictor(s) of predator size, the following six measuranents were 
made. 1) The maximum outer diameter (plate 4 & Fig. 64), where the 
periostracum was worn away this dimension was judged as the outer edge 
"197-
Plate 3. Scanning electron micrograph of a borehole 
d r i l l e d by Nucella l a p i l l u s i n the s h e l l of Mytilus 
edulis. (Magnification: x53). 
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Plate 4. Scanning electron micrograph of a borehole 
d r i l l e d by a 3mm Nucella i n the s h e l l of a mussel, 
showing the c l e a r l y defined inner hole boundary and 
the l e s s well defined outer hole boundary. 
(Magnification: x220). 
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p e r i o s t r a c u m 
p r i s m a t i c l a y e r 
n a c r e o u s l a y e r 
a - o u t e r d i a m e t e r 
b - b o u n d a r y d i a m e t e r 
c - i n n e r d i a m e t e r 
Figure 63, Diagrammatic L,S. of a Nucella 
borehole d r i l l e d through a mussel shell. 
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A - B m a x i m u m o u t e r d i a m e t e r 
C-D d i a m e t e r a t r i g h t a n g l e t o m a x i m u m 
Figure 64, Diagram of surface view of a Nucella 
borehole d r i l l e d in a mussel shell (drawn from 
plate 4) to i l l u s t r a t e the dimensions 
measured as outer borehole diameters. 
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of tile bevel. 2) The diameter of the outer hole at right angles to the 
maximum diameter called, for convenience, the minimum outer diameter. 
3 & 4) The maximum inner diameter and the one at right angles to i t 
(minimum inner diameter). 5 S 6) The maximum diameter at the junction 
of the blue prismatic and white nacreous shell layers and the one at 
right angles to i t ; hcwever these latter measurenents v/ere later 
abandoned since in seme shells this line could not be determined. The 
length of mussel v/as measured for a sub-set of the data. 
6.3.3 Results 
A total of 502 observations was made, within twenty-nine size 
classes of predator. Normality of the distribution of the four 
borehole dimensions for each size class of predator was tested using 
the probability plot correlation coefficient test (Filliben, 1975). In 
110 of the 116 distributions (P = 0.05) there was no evidence to 
contradict normality (i.e. the expected 5%). 
For canparison with work on other predatory gastropods borehole 
dimensions were related to Nucella size by least squares regression 
analysis following logarithmic transformation. Each of the four 
borehole dimensions was highly significantly dependent upon Nucella 
size. 
y regression equation r P 
max. outer diameter y = -0.875 + 0.778 x 0.979 <0.001 
min. outer diameter y = -0.914 + 0.784 x 0.977 <0.001 
max. inner diameter y = -1.010 + 0.705 x 0.982 <0.001 
min. inner diameter y = -1.050 + 0.707 x 0.979 <0.001 
where x = log.,Q Nucella length (nro), y = log.,Q borehole dimension (ram). 
To predict the size of whelk responsible for a predation event fran 
evidence of borehole dimensions the functional dependency of Nucella 
size on borehole size is required. The relationships between mean 
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Nucella length and the four parameters of borehole dimension are shown 
in figiores 65 and 66. Variation in Nucella size increases v/ith 
increasing borehole dimension, tnancation at the upper end is due to 
whelks over 30mm not being included. 
Multiple least squares regression analysis, following logarithmic 
transformation, v/as carried out to investigate the effect of the four 
parameters of borehole size on Nucella size. Analysis of covariance 
(table 20) revealed that minimum outer diameter did not contribute 
significantly to the regression and so was ranoved. Further ANCDVA on 
the reduced model indicated that the three remaining borehole 
dimensions a l l made a significant contribution to the regression and 
v/ere retained. The relationship was; 
y = -.879 + 0.489X., + 0.490x2 + 0.351x2 ^ 
vAiere y = log.,Q Nucella length (mm) 
X., = log^ jQ maximum outer diameter 
X2 = log^ iQ maximum inner diameter 
x^ = log-|o ndnimum inner diameter 
(Borehole dimensions are given in eye-piece units, v/here 45 e.p.u, = 
1mm) (r = 0.987, F = 5602, d.f.= 3,498, P<0.001) 
Mussel length did not contribute significantly to the relationship 
between Nucella size and the three borehole dimensions (ANCOVA, F = 
2.07, d.f.= 1,106, NS; table 21). 
In the case of seme field holes (section 6.4) only outer borehole 
dimensions could be measuredi Nucella size was functionally dependent 
on outer borehole dimensions according to the least squares regression 
equation; 
y = -0.904 + 0.816X., + 0.416x2 ^ 
where y = log.|Q Nucella length (ram) 
Kj = log^ Q^ maximum outer diameter 
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inner diameter 
outer diameter 
0 0.5 1.0 1.5 
Borelnoie s ize mm 
2.0 
Figure 65, Maximtua borehole dimensions (mm) in 
relation to the mean (+S,D,) size of Nucella 
(imri) responsible for the d r i l l i n g event. 
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Figure 66. Minimum borehole dimensions (mm) in 
relation to the mean (+S.D.) size of Nucella 
(mm) responsible for the d r i l l i n g event. 
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Source d.f. ess mss F P 
Regression 50.423 12.606 16807.7 <0.001 
Ef f e c t of maxout 1 0.061 0.061• 20.3 <0.001 
Ef f e c t of maxin 1 0.129 0.129 43.0 <0.001 
Ef f e c t of minout 1 0.006 0.006 2.0 NS 
Ef f e c t of minin 1 p.061 0.061 20.3 <0.001 
Error 497 1 .362 0.003 
Table 20. ANCOVA to investigate the e f f e c t of removing 
each variable of borehole dimension separately from the 
f u l l multiple regression model r e l a t i n g borehole size to 
Nucella s i z e . Maxout - maximum outer diameter, maxin -
maximum inner diameter, minout - minimum outer diameter, 
minin - minimum inner diameter. 
Source d.f. ess mss F P 
Regression 3 2.105 0.703 501.1 <0.001 
Ef f e c t of mussel 1 0.003 0.003 2.1 NS 
length 
Error 106 0.144 0.001 
Table 21. ANCOVA to investigate the e f f e c t of mussel 
length on the reduced le a s t squares multiple regression 
equation (eqn 10) r e l a t i n g Nucella si z e to three parameters 
of borehole dimension. 
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^2 = log^ iQ miniraum outer diameter 
(F = 6217, d.f.= 2,499; P<0.001). (Borehole dimensions are in 
eye-piece units, 45 e.p.u. = 1mm). 
6.3.4 Discussion 
With one exception (Black, 1978), the relationship between predator 
length (x mm) and borehole diameter (^  mm) has been shown to be highly 
significant for gastropod d r i l l s (table 22), and can be described by 
the power function y = a + x^. Calculated values of b f a l l betv/een 
0.46 and 0.86 indicating that the drilling apparatus does not grcfr/ 
isometrically v/ith shell length. Carriker and Van Zandt (1972) 
reported a weak correlation between radula width and borehole diameter, 
concluding that, canpared with the accessoiy boring organ, the radula 
plays an insignificant part in shaping the boreholes. In canmon with 
other studies (V7iltse, 1980; Kitchell et al., 1981), prey length, and 
hence shell thickness, did not affect the relationship between predator 
length and borehole diameter, thus permitting estimation of predator 
size and predator-prey size relationships fran measurements of bored 
shells. 
6.4 Field Predation 
6.4.1 Introduction 
Studies of predator-prey size relationships in the field are 
restricted to those prey that have iindigestible body parts, for example 
the analysis of predator gut contents or faecal pellets for arthropod 
exoskeletons. With molluscs as prey and boring snails as predator, 
predation rates and predator-prey size relationships have been inferred 
from analyses of field collected bored shells (Ansell, 1960; George, 
1965; Green, 1968; Franz, 1977; Griffiths, 1981b). Most field studies 
of boring gastropod predation have concerned soft sediment assemblages 
or beached collections which may not provide a faithful record of 
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Predator Size-
range 
Urosalpinx 14.0 
cinerea -42.0 
n Method Regression 
a. b. 
88 a) -1.150 0.861 
b) -1 .170 0.850 
Reference 
.86 Calculated fran 
Carriker & 
Van Zandt, 1972 
Piathais 
aeqrota 
12 ? no relation .34 Black, 1978 
Polihices 3.5 
duplicatus -18.6 
36 c) 0.504 .95 Wiltse, 1980 
Polinices 25.0 
duplicatus -60^ 0 
77 d) -0.372 0.552 .89 Kitchell et 
e) -0.527 0.462 .78 al., 1981 
Nucella 1.5 502 d) -0.894 0.781 .98 Present study 
lapillus -30.4 e) -1.030 0.706 .98 
Table 22. Relationships between predator size (x ram) and borehole 
dimension (Y_ nm), where a^  and b are fitted constants in the equation; 
log^O y = a + t) log^iQ X . 
Diameters measured v/ere a)raaxiraimi outer borehole, b) rainiraura outer 
borehole, c) maximum at junction of prismatic and nacreous shell 
layers, d) mean outer borehole and e) mean inner borehole. 
Wiltse (1980) found a linear relationship (y - 0.298 + 0.049 x), the 
quoted exponent b calculated by Kitchell et al.(1981). 
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predation. Using a r t i f i c i a l valves. Lever and Thijssen (1968) 
demonstrated that, under the influence of v/aves and water currents, 
there was differential transportation of valves according to their 
size, syranetry, presence or absence of boreholes and even position of 
borehole. Thus both predation rate and origin of shells cannot be 
ascertained with certainty for shell assemblages exposed to water 
movenent. 
By contrast, intertidal drilled mussel shells remain attached to 
rocks by byssus threads. Although differential detachment, according 
to mussel size, also precludes the use of mussel shell collection for 
the analysis of predation rate, the system can identify certain feeding 
patterns within a specific .location. One pattern, that of 
predator-prey size relationships, depends on the mussel shells 
renaining relatively intact, free frcxn abrasion by sea and sand. Ihis 
was the case at Vflixtsand Bay, the shells became detached from the rocks 
before their condition deteriorated. 
6.4.2 Ifethod 
As part of the field sampling programme (section 3.2) drilled mussel 
shells were collected fran six replicates of five tidal heights. A 
detailed examination was carried out on the bored shells sampled in 
March, Septenber, October and November 1985. For each entire specimen 
or valve, the maximum length, maximum height and position of 
borehole(s) were measured as detailed in figure 51. The position of 
the borehole, either on the left or right valve, was also noted. 
Boreholes were characterised qualitatively as being either camplete, 
where the hole extended to the inner boundary of the bevelled edge; 
partial, where penetration of the shell was restricted to a small 
circular area within the major depression; or incomplete, where a 
bevelled edge indicated drilling activity but the mussel shell remained 
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intact (Fig. 67). In a l l these categories the hole was drilled through 
the body of the shell, but fiirther holes were drilled so close to the 
edge of the shell that part of their circumference was interrupted by 
the shell margin (plate 5), here called marginal holes. 
Ihe four borehole dimensions (as detailed in section 6.3) v/ere 
measured for a l l complete holes v;hile for partial and inccmplete holes 
only outer borehole dimensions could be recorded. Due to the proximity 
of marginal holes to the shell edge often only a small segment had been 
drilled out of the shell, so measurements v/ere taken of the maximum 
hole diameter parallel to the shell edge (d) and the perpendicular 
distance fron the shell margin to the outer hole edge (w) (Fig. 68). 
For the purposes .of estimating borehole dimensions marginal holes were 
considered to be perfectly circular. VJhere w v/as more than half the 
value of d, the maximum and minimum outer borehole diameters were taken 
to equal d (Fig. 68 a), ^^ere w was less than d/2, (Fig. 68 b), outer 
borehole diameter was calculated by simple geonetry (Fig. 68 c). 
6.4.3 Results 
Of a total of 845 holes inspected only one was drilled from the 
inside out. D r i l l holes were equally cctnmon on left (n = 439) and 
right (n = 406) valves 1.21, d.f.= 1, NS). Ihe frequency of each 
hole type, in the four separate months, is shovm in table 23. In a l l 
months canplete holes were the most canmon with marginal holes being 
the next most abundant in the autumn three months. 
The appearance of partial holes suggested that they had been formed 
by whelks drilling mussel shells that were already empty, v/ith the 
impression that the tiny inner hole was just large enough to permit 
chemosensory investigation of the internal contents of the mussel. 
Alternatively they may represent an interruption, by sane external 
factor, of the boring process at the point of shell breakthrough. The 
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C o m p l e t e 
Figure 67. Characteristics of the four 
types of Nucella borehole found d r i l l e d 
on mussel shells collected from Whitsand 
Bay. 
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Plate 5. Scanning electron micrograph of a Nucella 
borehole d r i l l e d at the margin of a mussel s h e l l . 
(Magnification: x83). 
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a3 
cD 
Figure 68, Estimation of outer borehole dimensions 
for marginal holes, 
a) where w>d/2, d = maximum & minimum outer 
diameters. 
b) where w<d/2, calculation of d by geometric 
method, see c) and below. 
Since radius = a + w = / i Cd/2)2 + 
Then a + w = J + a^ 
From which a = fd/2)^ - w^  
2w 
Then 2{a + w) = d = maximum & minimum outer 
diameters. 
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Marginal Complete P a r t i a l Incomplete Total 
March 10 1 82 -18 21 231 
September 29 95 4 12 140 
October 55 187 15 44 301 
November 44 96 11 22 • 173 
Total 138 560 48 99 845 
Table 23. Number of each borehole type found on the 
d r i l l e d mussel s h e l l s c o l l e c t e d from Whitsand Bay i n March, 
September, October and November 1985. 
Shells with 
p a r t i a l holes Rest of sh e l l s 
Double Single Double Single 
valve valve valve valve 
No other hole 4 5 One hole 465 104 
Other hole(s) 32 7 > One hole 54 10 
Table 24. Frequency of p a r t i a l holes on s h e l l s with and 
without other boreholes compared with a l l other s h e l l s 
having one or more boreholes. 
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f i r s t hypothesis gains support fran the frequency of occurrence of 
partial holes in shells v/ith other holes canpared v/ith shells with no 
other hole (table 24). Partial holes occurred eight times more 
frequently on entire shells v/ith another hole. However for the set of 
a l l other shells, double drilling v/as relatively uncommon, only one in 
ten had tv/o or more d r i l l holes. On single valves, partial holes 
occurred equally frequently on those v/ith or v/ithout another hole, 
while for a l l other single valves less than 9% had tv/o or more 
successful d r i l l holes. Thus, v^iile some partial holes may arise from 
the interruption of a whelk during the feeding period, the more likely 
explanation for the majority of partial holes is that they represent 
errors by the whelk, the drilling of a mussel previously eaten. 
The size of Nucella responsible for each predation event was 
estimated according to equation 10 for canplete holes and according to 
equation 11 for partial, incomplete and marginal holes. 
The frequency of each hole type, expressed as a percentage of a l l 
predatory attempts, for each size class of v/helk (Fig. 69) shows that 
the drilling of partial holes roiains fairly constant throughout the 
l i f e of the predator, at under 10%. The percentage of predatory 
attempts that resulted in incanplete boreholes was highest among the 
smallest v/helks (34%) and dropped steadily as v^elks grew. However 
this result may have been biased by the sampling procedure, involving 
only an inspection of shells with at least one visible borehole 
(section 3.2.1.2). Larger whelks may have attsnpted, unsuccessfully, 
to d r i l l larger shells that were not included in the sample. 
Marginal holes formed a small proportion of total holes for both the 
snallest and largest size group of whelks, peaking at 34% for 10 to 
ISram whelks. The trend, for medium-sized whelks to d r i l l edge holes in 
a high proportion of cases, depends on the accuracy with v/hich the 
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Figure 69. Effect of estimated Nucella size 
class on the frequency of each borehole 
type (expressed as % of a l l predatory 
attempts) on mussel shells collected from 
Whitsand Bay for March, Sept^ber, October 
and November 1985 combined. 
Nucella size classes: 
1 = < 5 mm 
2 = 5 - 10 mm 
3 = 10 - 15 mm 
4 = 15 - 20 mm 
5 = 20 - 25 mm 
6 = > 25 mm 
Borehole types: c = complete, p = partial, 
i c = incomplete, m = marginal. 
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dimensions of marginal holes can be used to estimate Nucella size fran 
the relationship provided by complete holes. It might be conceivable 
for whelks to d r i l l smaller (or less likely, larger) holes on the 
thinner edges of a mussel shell than through the body of the shell, 
thus under-estimating (or over-estimating) Nucella size. A separate 
functional relationship betv/een Nucella size and marginal hole 
dimensions vrauld provide a more accurate prediction of the size of 
whelk responsible for these marginal predatory events. 
For each size of whelk complete holes were the most canmon type, 
with the tendency that, of a l l holes, canplete holes formed a greater 
proportion the larger the v/helk. 
The effect of predator size on mean size of mussel drilled, for a l l 
hole types separately and canbined, is shown in figure 70, with summary 
statistics in table 25. For a l l hole types there was a clear tendency 
for larger whelks to d r i l l larger mussels. For a given size of whelk, 
marginal holes tended to be drilled on mussels smaller than the average 
size attacked, with only a slight increase in mussel size as Nucella 
size increased. The mean size of mussel with a partial hole was close 
to that of complete holes for most Nucella sizes. There was a 
consistent tendency for incomplete holes to be drilled on mussels 
larger than the average size attacked. 
For each month separately the dimensions of canplete holes were used 
to estimate Nucella size and related to the size of mussel drilled 
(Fig. 71). In f^e.rch the mean size of mussel drilled was independent of 
Nucella size, however in Septanber, October and Novonber there v/as 
clear evidence of an ontogenetic shift in prey size selection, although 
becoming less apparent at larger predator sizes. Ihe variance of 
mussel size eaten ranained fairly constant for a l l Nucella size 
classes, suggesting that v/helks are neither more or less selective at 
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Figure 70, Effect of estimated Nucella s i z e 
class on the mean length (mm) of d r i l l e d 
mussels c o l l e c t e d from Whitsand Bay f o r the 
months March, September, October and 
November 1985 combined. Nucella s i z e classes 
as defined i n f i g u r e 69. Error bars omitted 
f o r c l a r i t y , S.D. given i n table 25, 
Borehole types: 
• complete, • p a r t i a l , 
o incomplete, v marginal, 
• a l l types combined. 
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H o l e T y p e 
Size(mm; Marginal Complete Partial Incanplete 
Nucella n mean S.D. n mean S.D. n mean S.D. n mean S.D. 
<5 1 9.5 - 80 8.2 4.1 7 10.0 4.0 45 14.6 5.8 
5-10 27 15.7 5.9 128 15.3 6.1 8 16.6 5.0 25 20.8 5.4 
10-15 67 15.9 5.3 100 18.1 6.1 14 18.8 6.7 18 21.2 6.6 
15-20 38 17.0 5.7 109 20.0 6.6 10 19.2 6.0 5 21 .0 5.9 
20-25 4 18.1 5.8 72 20.9 5.6 8 22.2 5.3 3 29.2 4.4 
>25 1 17.7 - 71 22.2 5.9 1 25.3 3 33.6 9.8 
Size(ram) A l l holes 
Nucella n mean S.D. 
<5 133 10.4 5.6 
5-10 188 16.2 6.1 
10-15 199 17.7 6.1 
15-20 162 19.3 6.4 
20-25 ' 87 21.2 5.7 
>25 76 22.6 6.4 
Table 25, Analysis of Nucella d r i l l holes found on mussel shells 
collected fran Whitsand Bay for the canbined months ^ ferch, September, 
October and November, 1985, For each estimated size class of Nucella 
are given n, the number of mussel shells attributed to that size class 
and the'mean (and S,D,) of the length, (mn) of mussel drilled. Hole 
types are defined in Fig, 67. 
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Figure 71. Effect of estimated Nucella size class on the 
mean length (mm + 95% confidence interval) of d r i l l e d 
mussel shells collected from Whitsand Bay in March, 
September, October and November 1985. Nucella size 
classes as defined in figure 69. The number of 
mussel shells i s given below the corresponding meam. 
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any particular age. Least squares regression analysis, following 
logarithmic transformation, yielded significant relationships betv/een 
predator size and prey size for the three autumn months (table 26), 
with relatively constant regression coefficients. The predator:prey 
relationship for each individual predatory event resulting in a 
canplete borehole for the four months canbined (Fig. 72) shows that 
both maximum and minimum prey size increased as predator size 
increased. 
The position of each canplete borehole, defined by the co-ordinates 
mussel length divided by distance fran the anterior end (L/A) and 
mussel height divided by distance fran the voitral surface (H/B) (as 
defined in section 5.3) is illustrated in figure 73. Whilst a l l areas 
of a mussel shell were drilled, the highest concentration of holes 
fomed a band running in an anterior-posterior direction located 
towards the dorsal surface. Marginal holes (Fig. 74) were concentrated 
at the posterior end of the mussel shell. 
There was evidence to suggest that size of v^elk affected the 
position of canplete holes. In figure 75 the solid line represents the 
mean distance fran the anterior end of the mussels drilled within each 
size class. If no selection for d r i l l site occurred this line would 
represent the relationship between expected mean hole position and 
mussel size. Whelk size classes have been coded from the smallest to 
the largest (1 to 6) and the mean distance fran the anterior end of the 
mussel of holes drilled by each predator:prey size conbination entered 
by code number. Smaller v*elks drilled closer to the anterior end of 
the mussel than would be expected, by chance, vdiilst larger whelks 
drilled further towards the posterior end. 
6.4.4 Discussion 
Ihe ontogenetic shift in prey size selection demonstrated in 
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Month a b F d.f. P 
March r.140 0.104 3.0 1 ,180 NS 
September 0.592 0.572 151 .4 1 ,93 <0.001 
October 0.627 0.519 1 55.9 1 ,185 <0.001 
November 0.623 0.524 90.4 1 ,94 <0.001 
Table 26. Results of lea s t squares regression analysis 
r e l a t i n g length of mussel (mm) eaten i n the f i e l d to size 
of whelk (mm), for complete holes only, a and b are 
constants i n the equation 
log., ^  mussel length = a + b log- p, Nucella length 
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Figure 72. Relationship between estimated Nucella 
• length (mm) and length (mm) of mussel d r i l l e d 
with a complete borehole. Mussel shells were 
collected from Whitsand Bay in March, September 
October and Novonber 1985. 
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Figure 73. Position of a l l 560 complete 
boreholes d r i l l e d on mussels sampled 
from Whitssoid Bay in March, September, 
October and November 1985. 
Ratio length = L/A, 
Ratio height = H/B, as defined in fig.51, 
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Figure 74, Position of a l l 138 marginal 
holes d r i l l e d on mussels sampled from 
Whitsand Bay in March, September, 
October and November 1985, 
Ratio length = L/A 
Ratio height = H/B , as defined in fig,51, 
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Figure 75, Position of complete boreholes in 
relation to mussel and Nucella size. Solid 
line represents the mean distance (mm) from 
the cinterior end of mussels within each size 
class (1-6), Numbers on the plot refer to 
size class of Nucella c i n d are located at the 
mean borehole distance from the anterior end 
of mussels within each mussel size class. 
Drilled musseis were sampled from Whitsand 
Bay in March, September, October and November 
1985, 
Mussel and Nucella size classes; 
1 = <5mra, 2 = 5 - 10mm, 3 = 10 - 15inm, 
4 = 15 - 20mm, 5 = 20 - 25mm, 6 = >25mm. 
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laboratory experiments (section 6.2) has been shown to hold for N. 
lapillus feeding on mussels in the natural environment. 
Two explanations can be forwarded for the observation that, for a 
given size class of whelk, incomplete holes were found to occur 
consistently on raussels larger than those drilled successfully. 
Firstly, that when v/helks attacked relatively large raussels, with 
thicker shells, the increased drilling time resulted in a higher 
probability of being dislodged by wave action and/or an increased 
/ 
tendency by the whelk to abandon drilling. Accordingly successful 
predatory events may be restricted at the upper range of mussel sizes. 
Alternatively, the raussels may have grown since the unsuccessful 
attack. "^Thich explanation is correct cannot be resolved fran the 
present data. If the fi r s t explanation is true, then, since incanplete 
holes were in general drilled on larger nmssels by larger v/helks, the 
ontogenetic shift in prey size selection s t i l l stands, only increasing 
the range of prey attacked by a given size of whelk. 
It was occasionally noticed that small holes, on relatively large 
mussels, were occluded on the inside by re-growth of the mussel shell, 
as found in section 4 . 3 T h e s e were counted as complete holes since 
they had penetrated the shell, but as they did not cause the death of 
the prey, the mussel could have grown between that predation event and 
the one that eventually killed i t . Inclusion of these holes has 
increased the mean size of mussel successfully drilled by the smaller 
vdieUcs. 
Marginal holes made up a significant proportion (20%) of a l l 
successful predatory attacks in the field, and may represent an 
alternative feeding strategy. By forming only part of a canplete hole 
and by being drilled through the thinnest part of the mussel shell, 
marginal holes would require less investment in drilling time. However 
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iiiost marginal holes were drilled at the posterior margin of the mussel 
shell, and combined with restrictions of predator proboscis length, a 
whelk would only have access to a l l the flesh i f the mussel were less 
than the predator's own length. Thus from an investment:re^vard 
viewpoint marginal holes should be confined to mussels smaller than the 
average, which was the observed response. Without detailed knowledge 
of the costs and benefits involved in marginal hole drilling, a 
comparison cannot be made between the profitabilities of the tvro 
alternate drilling strategies - drilling through the body of the shell 
or fron the edge. 
A seasonal change in prey size selection was indicated by the field 
data; whereas in the autumn three months there was a positive 
correlation between predator and prey size, no such relationship 
occurred in March. Lack of information on the length of time dead 
mussel shells remain attached to rocks renders interpretation of 
seasonal events more difficult. However seme tentative explanations 
can be forwarded. 
First there were few recorded predatory attacks by small whelks in 
March compared with the autumn months. The major hatching period 
occurred in August 1985 (section 3.2), reflected in the large nunnbers 
of shells drilled by whelks of less than 5mm found in the September 
1985 sample. However in March, with only a sample size of one for 
whelks of less than Snm, this data point was essentially absent. 
Second since Nucella have been shown to have reduced feeding rates in 
the winter months (Feare, 1970) they might be expected to be hmgrier, 
and so less selective, in the early spring. Finally, due to the • 
seasonal spawning of mussels, relatively fewer small mussels were 
available in January 1985 than in Novatiber 1985 (Fig. 76). 
However canparisons of what an animal eats with what is potentially 
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Figure 76, Size frequency distribution of l i v e mussels sampled within the Nucella 
zone at Whitsand Bay in January (- ) (n = 2446) and November ( ) (n =2249), 
1985, 
available, based solely on relative abundances, ignores the 
complexities of the natiiral environment. Small mussels were frequently 
buried in sand and debris, or located deep in the mussel bed, thus 
effectively unavailable to surface foraging predators. If encounter 
rate is dependent on surface area then encounter probability becanes 
the product of frequency and size. Small scale changes in mussel size 
frequency distributions can occur, e.g. due to the availability of 
sites for larval settlanent, which may or may not coincide with the 
distribution of the Nucella population. 
Ihe distribution of d r i l l holes also reflects restrictions imposed 
by the natural environment. On the v^ole mussels are orientated so 
that either their dorsal surface or their posterior regions are 
presented to the surface of the mussel bed. larger vdaelks tended to 
aggregate around patches of mussels, thus drilling from the side of the 
mussel, or to forage over the surface of the bed, thus restricting 
drilling to those regions that are accessible to than. 
By contrast, small d r i l l holes were found predominantly at the 
anterior end of the mussel shell which correlates with the observation 
that small whelks were found deep within the mussel bed, often in 
pockets formed by mussels becaning detached fran the rocks. Frcm this 
position the small whelks are forced to d r i l l fran beneath the mussel 
mat. 
If the frequency of partial holes reflects mistakes ty Nucella 
drilling already empty shells, then mistakes occurred relatively 
infrequently, in less than 7% of a l l predatory attacks. Part of the 
inspection time, reported by Hughes and Dunkin (1984) to be 
approximately two hours, may be used to discern i f the mussel has 
already been drilled. 
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6.5 Discussion - Profitability versus Selection 
When presented with a single size of mussel, Nucella could feed on a 
wide range of prey sizes (e.g. a span of 5 to 60ram mussels were eaten 
by 20iim whelks) thus behavioural rather than structural characters 
limit their preferred size range v/hen a spectrum of prey sizes are 
available. It v/as evident, that in addition to the mean, both the 
maximum and minimum prey size selected in the field increased as 
predator size increased as found by Leviten (1976), and Paine (1965, 
1976). There is no evidence that large Nucella, v^en feeding on 
raussels in the field, expand their diet width although they have the 
raechanical ability to do so. 
A positive correlation between size of predatory boring gastropod 
(other than N.lapillus) and size of a single species of prey has 
previously been shown under laboratory (Griffiths, 1981b; Broon, 1982; 
Ansell, 1982b) and field conditions (Pieron, 1933; Ansell, 1960; Green, 
1968; Edv/ards, 1974; Edwards & Heubner, 1977; Kitchell et a l . , 1981; 
Vignali & Galleni, 1986). For N^ lapillus an ontogenetic shift in 
mussel size selection in laboratory experiments has been both 
substantiated (Bayne & Scullaird, 1978a; Hughes & Dunkin, 1984) and 
refuted (Stickle et a l . , 1985). 
For each size of vdielk the mean mussel size selected in the field 
corresponded with that found to provide maximum growth rates in the 
laboratory (section 4.3). For the smallest v^elk class the chosen 
mussel size also coincided with the most profitable prey size as 
defined by energy gain per lanit handling time. In contrast, for the 
three largest whelk size classes, maximum prey value, defined as E/T^, 
occurred on mussels considerably larger than those selected in the 
field. Comparisons between the predictions provided by the two 
measures of prey profitability and the observed selection in the field. 
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closely correspond to those found in the laboratory experiments 
(section 6.2,3)-. 
The lack of selection of large mussels may have been a response 
imposed upon the whelks by a shortage of large raussels in the field or 
a positive discrimination against the larger prey. An examination of 
the size frequency distribution of the mussel population fran v/hich the 
v/helks made their prey choices (Fig. 76) reveals that mussels greater 
than 30mm length were indeed rare. Hcfr/ever/ support for positive 
selection of mussels smaller than the optimum predicted by E/T^^, when 
larger prey are available, can be gained fran the literature. 
From laboratory experiments Bayne and Scullard (1978a) report a 
similar hyperbolic relationship between predator and prey size (Fig. 
77), although for a given size of whelk the preferred mean mussel size 
was lower than that observed fran the l^itsand Bay field data. In a 
further experiment 20nm whelks, provided with raussels in the range 5 to 
52mm, selected a raean size of 18.2mm (S.D.= 4mm) (Bayne & Scullard, 
1978a). Additionally when presented in the laboratoiy with mussels in 
the range 10 to 35ram, the preferred mussels size class for three size 
classes of N. lapillus (Hughes & Dunkin, 1984) were in close agreonent 
with the field response reported here (Fig. 77). Thus there is 
considerable agreonent between these separate reports of the 
Nucella-Mytilus size relationship, irrespective of the availability of 
larger prey. 
Previously, prey profitability defined as energy gain per xanit 
handling tirae, has been determined for 20nm Nucella (Bayne, 1981) and 
for adult Nucella (Hughes & Dunkin, 1984) feeding on different sizes of 
mussel. Both studies also report that vdielks preferred smaller 
individuals than those found to be of optimal value. Hughes and Dunkin 
(1984) suggest that the profitability of larger mussels may be reduced 
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Figure 77, Effect of Nucella length (x) on 
the preferred size of mussel (^ r) as prey, 
according to; 
1) A A the relationship 
y = 2c (x & y in cm), 
0,46 + 0,36x 
determined by Bajme & Scullard (1978a), 
2) o o the relationship 
log^^y (mm) = 0,623 + 0,524 log^^x (mm), 
determined from November f i e l d data in the 
present study (table 26), 
3) M • the preferred size range, Hughes 
& Dunkin (1984), 
-233-
by intruding whelks of that Nucella may act as a time minimiser 
(Schoener, 1971) thus keeping to a minimum the risks involved in 
foraging. 
The conbined results of the presait study suggest'that constraints 
acting to alter the optimum foraging strategy do not need to be 
invoked, but rather that the basic definition of the energy 
maximization premise be examined carefully. 
Btnlen (1966) considered the net energy gain to a predator from a 
food item to be the product of calorific content of the food and the 
efficiency with which i t is utilized, minus the energetic costs of 
capturing and consuming the prey item. In most E/Tj^ models the rate of 
energy utilization during handling is considered independent of both 
predator and prey size. Provided that prey size does not affect the 
proportion of time required for the different handling activities, and 
provided that during these handling activities the rate of energy 
expenditure is equal, then prey size will not affect overall handling 
energy costs. The inclusion of the energetic costs of searching and 
handling is necessary when canparing the energetic intakes of foragers 
of different body size since the rate of energy utilization will be a 
function of body size. By assuming these costs to be equal canparisons 
can be made within one size class of predator, but not between size 
classes. 
More importantly, previous E/T^ models have assumed that energy 
intake is equivalent to useful energy gain by the predator. The 
efficiency with which ingested food is converted to usable energy for 
grcft-Tth has previously been shown to be a function of the ingested 
ration and meal size (section 4.3.6). Since there was a positive 
correlation between energy intake and prey size, the E/T^ model, by 
taking net energy gain to the predator as the ingested ration. 
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over-estimated the relative value of large prey. By contrast, using 
grovith rates as a direct measure of prey value to the predator, 
predictions concerning the optimum foraging behaviour have been largely 
verified. Other studies which have, similarly reported that marine 
invertebrates select food items that have the highest growth potential 
to the predator include Carefoot (1967), Conover & L a l l i (1972), 
Bdv/ards (1974), Vadas (1977), Rapport & Turner (1977), Broom (1982) and 
Palmer (1984). 
Fran the findings presented here i t would appear that in studies of 
optimal diet which include large differences in prey size,- grov/th rate 
would provide a more appropriate measure of prey value to juveniles 
than E/Tj^ . For non-growing adult predators sane caution should be 
exercised in interpretating results where E/T^ ^ is the measure of prey 
profitability. 
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OffiPTER 7 EFFECT OF IMMERSION TIME ON FEEDING AND GROWTH OF NUCRT.TA 
7.1 Introduction 
Ihe benign conditions under which growth of juvenile N. lapillus was 
measured in the laboratory (section 4) might be expected to yield 
unrealistic estimates of growth as i t occurs in the demanding 
environment of the intertidal zone of exposed shores as at -^Jhitsand 
Bay. Indeed the tenperature and salinity regime provided in the 
laboratory experiments were similar to those found to pranote maximum 
scope for growth of N. lapillus feeding on raussels xander continuous 
iniiiersion (Stickle & Bayne, 1987). 
Intertidal organisms however are subjected to the sani-diumal rise 
and f a l l of the tide resulting in periodic exposure and immersion and 
to canplex fluctuations of air and water taiperatures. Sources of 
physical stress for intertidal aniraals arise from extremes of 
temperature and desiccating conditions while anersed and wave shock on 
exposed shores whilst immersed. These stresses may be expected to act 
as constraints on the foraging behaviour of N. lapillus and to result 
in lower growth rates in the field than observed in the laboratory. 
The effect of one such constraint on the feeding and growth 
responses of juvenile N. lapillus that can be easily investigated in 
the laboratory is that of degree of aerial exposure. The following 
experiment was designed to investigate the feeding and growth rates of 
two sizes of juvenile Nucella on diets of four nnassel sizes at four 
tidal heights. The mussel sizes used corresponded to those of the 
smallHi:iedium prey experiment (section 4.3.2) and the large prey 
experiment (section 4.3.3). It is conceivable that prey size and tidal 
level may have an interactive effect on growth rates, such that sane 
prey sizes are more conducive to growth at certain tidal heights. For 
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example, small prey, with shorter handling times, may provide 
conparatively faster growth rates at higher tidal levels than large 
prey. 
7.2 Method 
A simple tidal tank system was constructed based upon the design of 
Evans (1964) in which the water level in the tank follov/ed a sine curve 
with time. Reproduction of the shape of natural tides was achieved by 
having the v/ater outlet at the end of a perspex arm that rotated once 
every twelve hours, with the water level in the tank corresponding to 
the position of the outlet throughout the rotation, (Fig. 78). 
The tank itself was constructed of glass, i t measiored 1m long by 
SOOram V7ide and 410mm deep. Within the tank four shelves were built at 
different heights to provide four tidal levels with submersion for 90%, 
70%, 50% and 30% of the time (levels 1 to 4 respectively). To reduce 
the weight of water held in the tidal tank at high tide and the volume 
required in the sump at low tide, the space below the shelves was 
sealed so that water was restricted to the upper portion only. The 
system was supplied with natural sea water fron Plymouth Sound, 
circulation and cleansing were maintained by an external pump and 
fi l t e r (Eheim, model 2013). Tb ensure consistency between outlet level 
and tank level the input flow rate had to be carefully adjusted, a flow 
rate of 800ml/minute was suitable. On each shelf was placed a nylon 
coated steel rod tray, with 25iiin mesh, v^ch accommodated twenty-four 
experimental pots (section 2.3.2), lain on their sides and held in 
position by elastic cord. Water entered the tidal tank above level 
four and at low tide flowed over the surface of the shelves, below the 
experimental pots, so that although not moistened with v/ater, the 
animals would have generally experienced a high humidity throughout the 
tidal cycle. The system was housed in a constant temperature room at 
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Figure 78, Diagrammatic representation of the 
tidal tank system. Levels 1 to 4 provided 
immersion times of 90^, 70%, 50% and 30% 
respectively. 
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15*^ C with a sunimer lighting regime. 
Two i n i t i a l sizes of Nucella were used, 5 and 15mm. Animals were 
collected from Whitsand Bay just prior to each experimental run and 
starved for one week in the continuous immersion system (section 
2.3.1). On transference to the tidal tank the 5mm snails were provided 
v/ith pure diets of one mussel size,-either 5, 10, 15 or 20mm, for four 
weeks. 15ram snails were fed on pure diets of 10, 20, 30 or 45mm 
mussels (see table 27 for numbers provided and total surface area of 
prey). After four weeks the whelks were transferred back to the 
continuous immersion system and kept for a further week without food. 
The length of each whelk was measured at the time of collection, 
after one week of starvation, weekly for the period in the tidal tank 
and again after the final week of starvation. During the feeding 
period in the tidal tank a weekly record was kept of the number of prey 
that had been.eaten and the number of dead, uneaten mussels. Dead 
mussels were replaced by live animals of the same size. If the mussels 
were partially consumed the dry weight of the renaining flesh was 
determined. 
One replicate consisted of each predator-prey size canibination at 
each tidal level. Five replicates were conducted during the period 2 
Febmary to 11 May 1987. For the f i r s t , third and f i f t h replicates one 
Nucella individual of each size was kept at each level in the tidal 
tank for four v/eeks without food. For the same periods one control set 
of each mussel size, without Nucella, was housed on each tidal level to 
determine death rate due to factors other than predation. 
7,3 Results 
Of the twenty-four control snails only one grew after the fi r s t week 
of starvation (by 0.1mm) and three 5mm snails died during the six week 
period without food (two at level three and one at level four). Of the 
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Diet for Smm Hucella mussel 
size(mm) 
S 
10 
15 
20 
Diet for 1Smm Nucella mussel 
size(mm) 
10 
20 
30 
45 
Table 27. Prey density and t o t a l 
t i d a l tank experiment. 
number t o t a l surface 
area(mm^) 
100 3402 
30 3488 
14 3465 
8* 3422 
number t o t a l surface 
2 
area(mm ) 
30 3488 
8 3422 
4 3741 
2 4128 
surface area of prey i n 
-240-
i n i t i a l eighty Siran whelks in the experimental group, seven died (one at 
level tv7o, tv70 at level three and four at level four). Death generally 
occurred early in the experimental run and so fresh individuals were 
used, however for four of these replacement snails growth and feeding 
was monitored for a period of only three weeks. There were no deaths 
among either control or experimental 15mm snails. 
There was no significant difference beta'/een the mean number of dead, 
undrilled mussels per pot per 28 days in the control or experimental 
groups (t test for paired ccxnparisons, t = 1.01, d.f.= 23, NS), (Fig. 
79). Initially the death rate of mussels in the tidal tank was high 
because v/hen deaths occurred this led to a loss of water quality and 
further deaths. The problem was controlled to sane extent by daily 
observation to detect, rerove and replace gaping mussels. 
For a given size of v/helk the mean v/eekly predation rates dropped as 
mussel size increased and there v/as a general tendency for predation 
rate to be lower at higher tidal.levels (Fig. 80). (ANOVA on log.|Q 
numbers eaten, table 28). 
The length-dry weight relationship of mussels was detennined on tsi/o 
occasions, once at the beginning of the experimental period (January 
1987) and again over half ^jay through (early April 1987). The least 
squares regression equations on log transfoimed data frcra "the tv/o 
occasions were significantly different (ANOOVA, F = 25.73, d.f.= 2,96, 
P<0.001). As mussels were used continuously and since there was no way 
of determining at which point a transition between the two models 
occurred, the data from both estimates v/ere combined to provide.an 
overall raean length-dry weight relationship, as below: 
log^ jQ dry weight (mg) = -2.12 + 2.86 log^ jQ length (ram) 
(F = 2151, d.f.= 1,98, P<0.001). Using the above relationship the 
weekly consumption rate of dry raussel flesh v/as calculated for each 
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Figure 79. Comparisons of mean number of mussel 
deaths, due to factors other than prec3ation, 
per pot per 28 days in the tidal tank, in 
• • control and o o experimental rxins. 
(Tidal level 4 had the longest period of 
aerial exposure). 
Dimensions above each plot refer to the 
mussel length. 
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Figure 80, Effect of tidal level and prey size 
on the mean predation rate (number/week) by 
juvenile Nucella- feeding on mussels in the 
tidal tank. Each point i s the mean of 5 
individuals, for ANOVA see table 28, 
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Smm Nucella 
SOURCE d.f. M.S. F P 
Prey size 3 2 .077 148.34 <0.001 
Level 3 0 .128 9.14 <0.001 
Interaction 9 0 .012 0.89 NS 
Error 64 0 .014 
1Smm Nucella 
SOURCE d.f. M.S. F P 
Prey size 3 2 .998 227.10 <0.001 
Level 3 0 .142 10.73 <0.001 
Interaction 9 0 .004 0.27 NS 
Error 64 0 .013 
Table 28. . Tv/o-v/ay analyses of variance to tes t for the 
eff e c t of prey size and t i d a l l e v e l on mean weekly log.^ Q 
numbers of mussels eaten by juvenile Nucella i n the t i d a l 
tank experiment. 
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whelk frcm the number of prey eaten minus the dry v/eight of flesh 
remaining in the mussels. 
For each predator size mean consumption rates (mg dry v/eight mussel 
flesh consumed/week) increased with increasing prey size (Fig. 81). 
MOVA detected a significant effect of tidal level on consumption rate 
for ISram Nucella but not for Sitm whelks (table 29). Hov/ever on closer 
escamination of the data for Smm Nucella (Fig. 81), when feeding on the 
three smallest prey sizes (S, 10 & ISram) mean consumption rates clearly 
declined v/ith increasing exposure, but there was no clear pattern v/hen 
feeding on 20rara mussels. 
Snail shell lengths were converted to body dry weight using the 
relationship reported by Bayne and Scullard (1978a) (see section 
4.3.2.2). GrawUh. rate during the four weeks of feeding in the tidal 
tank v/as significantly affected by both prey size and tidal level (Fig. 
82 and table 30) for each predator size. 
Gross grov/th efficiency was calculated for each whelk as mg dry 
weight increase during the four weeks of feeding in the tidal tank and 
the final week of starvation, divided by the mg dry weight of mussel 
flesh eaten during the four weeks of feeding. For both predator sizes 
raean gross growth efficiency decreased with increasing size of prey and 
was significantly affected by tidal level (Fig. 83 and table 31). 
Overall mean gross growth efficiency (for a l l prey sizes canbined) was 
highest at level tv/o and decreased through level one, level three to 
level four for each predator size. 
A conprehensive picture of the effect of tidal height and prey size 
on growth for the six week period of the experiment can be gained by 
plotting mean cumulative increase in dry weight of predators against 
time (Figs 84 & 8S). In addition to the effects already noted, of 
particular interest is the grov/t±i response during the final week of 
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Figure 81, Effect of tid a l level and prey size 
on the mean consvunption rate (mg dry flesh 
weight/week) of juvenile Nucella feeding on 
mussels in the ti d a l tank. Each point i s 
the meaun of 5 replicates, for ANOVA see 
table 29, 
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Smm Nucella 
SOURCE d.f. M-. S. F P 
Prey si z e 3 358.73 36 .42 <0.001 
Level 3 21 .83 2 .22 NS 
Interaction 9 8.51 0 .86 NS 
Error 64 9.85 
tim Nucella 
SOURCE d.f. M.S. F P 
Prey size 3 1 0352 26 .61 <0.001 
Level 3 3348 8 .61 <0.001 
Interaction 9 396 1 .02 NS 
Error 64 389 
Table 29. Tv/o-way analyses of variance to test for the 
e f f e c t of prey si z e and t i d a l l e v e l on mean weekly 
consumption of dry weight of mussel f l e s h (mg) by juvenile 
Nucella i n the t i d a l tank experiment. 
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Figure 82, Effect of tidal level and prey size 
on the mean growth rate (mg dry flesh weight/ 
week) of juvenile Nucella feeding on mussels 
in' the tidal tank. Each point i s the mean 
of 5 individuals, for ANOVA see table 30, 
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5mm Nucella 
SOURCE d.f. M.S. F P 
Prey si z e 3 0.421 3.86 <0.05 
Level 3 1 .655 15.18 <0.001 
Interaction 9 0.065 0.60 NS 
Error 64 0.109 
im Nucella 
SOURCE d.f. M.S. F P 
Prey size 3 25.08 6.53 <0.001 
Level 3 104.60 27.24 <0.001 
Interaction 9 4.96 1 .29 NS 
Error 64 3.84 
Table 30, Two-way analyses of variance to test for the 
ef f e c t of prey si z e and t i d a l l e v e l on mean growth rates 
(as mg dry f l e s h weight /v/eek) of juvenile Nucella i n the 
t i d a l tank experiment. 
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Figure 83. Effect of tidal level and prey size 
on the gross growth efficiency of juvenile' 
Nucella feeding on mussels in the tidal tank. 
Gross growth efficiency defined as mg dry 
flesh weight increase during 4 weeks of 
feeding in the tida l tank plus one week of 
starvation i n - the- con tinuousu; immersion 
system, divided by mg dry weight of mussel 
flesh consumed. Each point i s the mean of 
5 individuals, for ANOVA see table 31. 
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Smm Nucella 
SOURCE d.f. M.S. F P 
Prey size 3 0.19S3 SI .53 <0.001 
Level 3 0.0223 5.89 <0.01 
Interaction 9 0.0019 0.49 NS 
Error 64 0.0038 
1Smm Nucella 
SOURCE d.f. M.S. F P 
Prey size 3 0.1400 51 .45 <0.001 
Level 3 0.0345 12.69 <0.001 
Interaction 9 0.0053 1 .96 NS 
Error 64 0.0027 
Table 31. Two-way analyses of variance to tes t for the 
ef f e c t of prey s i z e and t i d a l l e v e l on mean gross growth 
e f f i c i e n c y of juvenile Nucella i n the t i d a l tank 
experiment. 
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Figure 84, Effect of tida l level and prey size on the mean cumulative increase 
in mg dry flesh weight of Smm (+ 1mm) Nucella during the six weeks of the 
tidal tank experiment. Whelks were starved for one week in the continuous 
immersion systen (SI), fed for four weeks in the tidal tank (F) and starved 
for the f i n a l week in the continuous immersion system (S2), 
Each point i s the meaui of 5 replicates. 
Mussel prey size's; A = Smm, A = 10mm, 
o s= ISmra, • = 20mm, a l l + Irani, 
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Tidal level 1 2 3 4 
Figure 85, Legend as for figure 84 using 15inin (+ linra) Nucella and prey sizes; 
A = lOmm, A = 20mm, • = 30ram, • =45mm ( a l l + 1mm). 
starvation in the continuous iinmersion system. At level four (v/ivth.-'^  
only 30% immersion time) grovith rate during the period in the tidal 
tank was low, especially so for ISmm whelks, but increased considerably 
during the week of starvation under continuous immersion. A similar 
effect was noted at level three. 
This effect can be investigated by canparing grov/th rates during the 
period in the tidal tank with those during the final week in the 
continuous immersion system. Hov/ever as snails grow their expected 
increase in dry v/eight increases exponentially v/ith time, thus a 
canparison of the dry weight increments at the end of each feeding 
sequence v/ith those that came before confounds the effects of snail 
i n i t i a l size and v/hether exposed or suhnerged. For the present 
purposes a better measure of growth would be increment in shell length 
which has been shown to be approximately linear with time (appendix 1). 
The change In grov/th rate on transference to the continuous 
immersion system was taken as the difference between shell grov/th rate 
in the final v/eek of starvation and the mean weekly shell grovrtii rate 
during the time in the tidal tank. For each predator size the mean 
difference was not affected by prey size, but vras significantly 
affected by tidal level (ANOVA, table 32) The overall mean difference 
(for a l l prey sizes canbined) was below zero for levels one and tv/o, 
indicating that growth rates were lower in the period of starvation 
under continuous immersion than when feeding in the tidal tank (Fig. 
86), but increasingly positive at levels three and four. 
7.4 Discussion 
Ihe observed feeding and growth responses of juvenile Nucella in the 
tidal tank corroborate the overall relationships determined in the 
continuous immersion systan of the effect of prey size (section 4.3). 
These include that for the given sizes of predator and with increasing 
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5mm Mucella 
SOURCE d.f. M.S. F P 
Prey size 3 0 .0084 0.87 NS 
Level 3 0 .1085 11 .29 <0.001 
Interaction 9 0 .0118 1 .23 NS 
Error 64 0 .0096 
15mm Nucella 
SOURCE d.f M.S. F P 
Prey size 3 0.0055 0 .36 NS 
Level 3 0.3038 20 .12 <0.001 
Interaction 9 0.0318 2 .10 <0.05 
Error 64 0.0151 
Table 32, Tv/o-way analyses of variance to test for the 
e f f e c t of prey si z e and t i d a l l e v e l on the mean difference 
i n growth rate during the f i n a l starvation week i n the 
continuous immersion system and the mean growth rate of 
juvenile Nucella during the 28 days of feeding i n the t i d a l 
tank. Growth rate expressed as mm increase i n s h e l l 
length/week. 
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Figure 86, Effect of tid a l level on the difference 
in juvenile Nucella growth rate during the f i n a l 
week of starvation in the continuous immersion 
system axid the mean for the four weeks of 
feeding in the tid a l tank. Growth rate expressed 
as mm shell length increase/week. Each point i s 
the mecin of 20 individuals. 
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prey size, the predation rate decreases, ingestion rate of mussel flesh 
increases and that gross gro^ r^t±l efficiency decreases. The rank order 
of prey size for promoting growth remained the same for 1 Smm Nucella 
(i.e. 20nm > 10mm > 30mm > 45mm) v/hereas for Sram whelks there was a 
reversal of the f i r s t two mussel sizes (i.e. in the tidal tank Srara > 
lOrnn > 15mm > 20mm, in the continuous immersion systam 10mm > Sram > 
1Smm > 20mm). 
The lack of interaction effects betv/een prey size and tidal level on 
the feeding and growth of juvenile Nucella danonstrate that the snails 
do not have contrasting responses to the different prey sizes according 
to their degree of aerial exposure. Since the effect of prey size has 
been previously discussed (section 4.3.6) conments here will be 
restricted to a consideration of the effect of tidal level. 
Juvenile Nucella ate significantly fewer mussels as the period of 
aerial exposure increased. Overall feeding rates at level four dropped 
to approximately 60% of those observed at level one for both predator 
sizes, although over the same tidal range the period of iramersion f e l l 
by one third. Thus the tirae emersed does not have a proportionate 
effect on the number of prey consumed. Other rauricid gastropods that 
have been shown to have significantly reduced feeding rates on 
barnacles at higher tidal levels when kept in cages on the shore 
include Thais lamellosa (Palmer, 1981) and Morula marginalba (Moran, 
1985). A negative correlation between feeding rate and degree of 
aerial exposure could be brought about by either an increased handling 
time for each prey item eaten or a reduced overall proportion of tirae 
devoted to feeding with increasing tidal height. 
Since the constjraption of one raussel takes approximately one tidal 
cycle for the smallest prey offered to each of these predator sizes, 
(i.e. Smm Nucella feeding on Smm mussels and ISmra Nucella feeding on 
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10mm mussels each take about 12 hours, section 5.5) feeding cannot be 
restricted to just one state of the tide. However initiation of 
feeding may be confined to one period as shovna by Menge (1974) for the 
vAielk Acanthina pimctulata. Initiation of feeding by A^ punctulata 
only occurred at low tide, and i f not already involved in feeding at 
high tide v;helks retreated to crevices v/hich had the effect of reducing 
the risk of dislodgement by wave action. In a similar way i t is 
conceivable that Mucella only initiate feeding during periods of 
iramersion, having the effect of reducing the risk of desiccation, 
however no data are available to test for this pattern of foraging 
behaviour. 
Ihe overall drop in consumption rate (dry weight raussel flesh/week) 
with increasing aerial exposure could be explained by either the whelks 
eating fewer prey or a combination of a reduced predation rate and 
reduced amount of flesh taken per mussel eaten at the higher tidal 
levels. To test the latter possibility, for each whelk the mean 
consimiption of flesh per raussel was calculated fron the mean 
consumption rate and mean predation rate. Tidal level had no effect on 
the mean amount of flesh consumed per mussel. Thus i t can be concluded 
that tidal level affected consumption rates directly via reduced 
predation rates. For a population of Mucella lapillus on the east 
coast of the United States, Menge (1978b) found significantly reduced 
consunption rates of mussel flesh at the higher of two tidal levels. 
In contrast, in laboratory experiments Stickle et a l . (1985) 
reported increased consumption by N^ lapillus with 83% submersion 
canpared v;ith those continually submerged and on the basis of this 
finding suggest that aerial exposure as a stress factor for intertidal 
fauna be re-evaluated. Hov/ever i t can be argued that such short 
exposure times may not be expected to have a detrimental effect on 
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feeding activity. 
Previous reports show conflicting growth patterns of molluscs in 
response to tidal height. A reduction in gfcA-fth rate with increasing 
shore level has been well documented for f i l t e r feeding bivalves 
(Baird, 1966; Seed, 1968; Griffiths, 198.1a) and has been attributed to 
the reduced time available for feeding. Level on the shore has been 
shovm to affect gro\'rt:h rates in grazing limpets (Sutherland, 1970; 
Creese, 1980; Underwood, 1984) and Littorina saxatilis (Berry, 1961). 
In the above examples the effects of degree of aerial exposure were 
confounded with the abundance of food, but v/here the tv/o factors were 
separated (Sutherland, 1970; Creese, 1980) increased aerial exposure 
did result in reduced grovrtli rates. In the present study prey 
densities v/ere constant at each tidal level, hence lack of prey 
availability cannot explain the observed differences in grov/th rate. A 
similar observation was made for caged Thais lamellosa on the shore. 
Palmer (1981) found significantly reduced grov/th at the higher of tv/o 
tidal levels. 
As we have seen there is a behavioural canponent to reduced grcwth 
rates at higher tidal levels in that the juvenile whelks ate fev/er 
raussels, but there was also a physiological canponent. The efficiency 
with which the ingested food v/as converted to growth also depended on 
tidal level, there was a general tendency for gross grcwth efficiency 
to be highest at level t^-zo (70% sxjbmersion) and a definite trend for a 
decrease in gross grovfth efficiency at higher tidal levels. This 
result contrasts with the physiological adaptation shov/n by raany 
bivalve species in response to increasing periods of aerial exposure. 
Bivalves have been shov/n to adapt by reducing raetabolic energy demand 
with increasing exposure (Morton et al., 1957; Elvin & Conor, 1979; 
Griffiths, 1981c), and assLmilation efficiency is either unaffected by 
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tidal height (Griffiths S Buffenstein, 1981), or increases with 
increasing periods of exposure (Elvih & Conor, 1979). 
A possible explanation for the observed drop in gross grov/th 
efficiency with increasing tidal height is that since measurements were 
made only of shell length, tissue grov/th could have proceeded at a 
greater rate than shell grov/th at the upper shore levels. Although no 
information is available on comparative rates of body and shell grOT/th 
in juvenile Nucella under these conditions. Palmer (1981) found in 
Thais lamellosa a reduction of 22.6% and 25.2% for shell and tissue 
qro\-7th respectively, at the higher tidal level, suggesting that for 
this species there was no differential partitioning of grovrth between 
shell and body tissue dependent on tidal level. 
If the same growth pattern holds for N^ . lapillus, the rapid increase 
in observed grov/th during the final period in the continuous immersion 
system following four weeks feeding at the upper tidal levels, suggests 
scxne limiting factor to shell grov/th during long p>eriods of emersion. 
Since the calcium required for shell deposition is derived mainly from 
sea-water (Wilbur & Jodrey, 1952) the limiting factor could be 
decreased time available for calcium absorption. Alternatively as the 
shell is secreted by the mantle (Fretter & Graham, 1962) a process that 
is interrupted i f the mantle is withdrawn, as for example in air, lack 
of growth may simply reflect the reduced time available for active 
shell secretion. Grovrtii checks have been demonstrated to occur in 
I^ Tucella at each period of tidal anersion, which are visible as 
micro-grot-/th bands on the shell (Ekaratne & Crisp, 1982). 
If shell growth is limited to periods of immersion a positive linear 
relationship might be predicted between gro;rt±i rate and period of 
submersion. Such a relationship existed for submersion periods betv/een 
70% and 30% (Fig. 87) but there was l i t t l e or no decrease in mean 
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Figure 87. Effect of tida l level on the mean 
growth rate of juvenile Nucella. Growth rate 
expressed as mg increase in dry flesh weight/ 
week for 5 mm Nucella. and xlO this value for 
15 mm. Nucella. Each point i s the mean of 20 
individuals. 
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1 
o 
grovrtih rate between 90% and 70% submersion time. These results suggest 
that i f juvenile whelks experience less than 70% submersion time, tidal 
height will have a deleterious effect on grovrt±i rate, not through a 
proportionate decrease in feeding rate but through a decrease in shell 
secretion rate. At tidal levels providing more than 70% submersion 
tLtie, tidal level has l i t t l e effect on gro\«7th rate. 
On the shore at ^ -Jhitsand Bay mussel density increased vzith tidal 
height (section 3.2.2) so for juvenile Nucella there would exist a 
conflict between increased encounter rate with prey at higher shore 
levels but reduced submersion time for shell secretion, and hence less 
efficient use of the food ingested. For non-growing adult Nucella 
however the increased abundance of food at higher shore levels could 
lead to increased reproductive effort, the conflict now possibly being 
between increased consumption rates and the risk of desiccation. 
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CHAPIER 8 CONCLUDING RH-IARKS 
ThroughoulA the present text the results have been discussed at the 
end of each cmpter. It only ranains to reiterate and synthesise some 
of the findingsTias they reflect upon various aspects of the biology of 
Nucella as i t develops on a mussel dominated shore. The aspects I will 
consider are dietUjreadth in relation to the optimality models, the 
possible effects of Nucella predation on the carenunity and finally the 
possible role of constraints on altering the optimal foraging strategy'' 
of the developing predator. 
Irrespective of the currency, either as gross energy gain per imit 
handling time or as net energy gain-per unit time (growth potential), 
profitability was found to be a function of mussel prey size for 
developing Nucella. Mditionally the optimal prey size range, that 
maximizing net rate of return, shewed a general tendency to increase 
during ontogeny. 
According to optimal foraging theory evolutionary selective 
pressures would be expected to have acted to maximize foraging 
efficiency thus resulting in an ontogenetic shift in prey size 
selection. That such a shift occurred, in both laboratory and field 
conditions, demonstrates that Nucella can detect the dimensions of its 
prey and make appropriate adjustments to its foraging decisions diuring 
developnent. It was further noted that the ontogenetic shift was not 
the result of the predator being restricted to certain prey size 
classes by morphological constraints. 
Previous models relating profitability to prey size have often 
formed peaked curves (e.g. Davies, 1977; Elner & Hughes, 1978) with 
profitability falling sharply outside a fairly narrow range. This 
pattern was only evident for small Nucella size classes v;here changes 
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in prey size were large canpared with predator size. For the larger 
predators both models predicted that a relatively broad range of prey 
sizes v7ould be equally profitable. 
These results pose sane interesting questions about diet choice in 
predators. I would like to consider the questions, what are the causes 
and consequences of a broad plateau of optimally sized prey, why do the 
plateaus occur in different places for the two models and how should 
this affect the v;ay we view previous foraging models using E/T^ as the 
measure of fitness? 
For the growth rate model significantly reduced growth rates were 
identifiable only at the extremes of the prey size range. Since at the 
la^er prey sizes consumption rate was a function of prey size, the 
smallest prey provided only sufficient energy to cover metabolic 
requiranents with a small proportion available for growth, thus overall 
gross growth efficiency was low. Turning now to the plateau; as prey 
size increases, at the low end of the plateau, although the relatively 
high handling costs s t i l l resulted in a low rate of gross return, the 
high efficiency with which the food was utilized rendered these food 
items profitable for growth. Towards the upper prey sizes, but s t i l l 
on the plateau, although consimption rate had increased the reduced 
efficiency of the use of these larger meals rendered these prey items 
no more profitable than smaller items. In general the largest prey, 
representing large meals, provided both reduced efficiency and l i t t l e 
further increase in consumption rate. There may be physiological 
adaptive mechanisms in response to consumption rate and meal size which 
change the efficiency of food processing. Ihe consequences of these 
mechanisms appear to be largely responsible for the plateau of the 
observed relationship betv/een prey size and net energy gain per unit 
time. 
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The shape of the response curves to prey size derived fran the gross 
energy gain per unit handling time model, although resembling ttose 
gained fran grov/th studies, differed in that the drop in profitability 
on large prey was far less marked, particularly for the largest two 
predator sizes. Small prey were of low value because although they 
required relatively short handling times, the-retimi in mussel flesh 
v/as also low. As prey size increases increased handling times are more 
than offset by the exponential rise in mussel flesh content, until the 
plateau is reached. Vflien feeding on s t i l l larger prey handling costs 
continue to rise but the amount consumed per meal rises less rapidly 
due either to constraints on gut capacity or limitations to 
assessability, or both. These processes are included in the grcwth 
rate model but the latter includes the extra canponent of efficiency of 
food use. A further canplicating factor in relating the two models to 
each other and to the foraging behaviour of Nucella is the temporal 
spacing between meals. 
In the E/Tj^ model, for the two smallest predator size classes, 
proportionately large prey dropped in value from the maximum achieved, 
but for the two largest size classes there was only an insubstantial 
drop in predicted profitability of the largest prey in the size range 
tested, thus providing a bzrad plateau of equally profitable prey. 
Can the shape of the profitability curves themselves be considered 
capable of modification by natural selection? It is conceivable that 
there would not be strong selective pressures to become efficient on a 
narrow range of prey sizes since time spent searching for these would 
reduce overall profitability. In addition for a non-visual predator 
like Nucella, where detection of prey size depends on tactile stimuli, 
inspection time, from i n i t i a l contact with a prey iton to either 
initiation of feeding or abandonment, can be a lengthy process (Hughes 
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& Dunkin, 1984). A narrov/ prey size range of high value^and 
acceptability would increase total inspection time and so reduce 
overall profitability fran a foraging bout (Hughes, 1979). As we have 
seen the relatively broad plateau of equally profitable prey for growth 
could have resulted from modification of the physiological responses to 
meal size. 
The range of prey sizes forming the plateau of high profitability 
did not coincide for the two models for a l l Nucella size classes. For 
the smallest predator size there was fairly close agreement betv/een the 
two models, but for the largest two predator sizes in particular the 
plateau of the E/T^ ^ model was shifted tarairds larger prey. The 
discrepancy arises as a result of equating gross energy intake with 
value to the consiomer, which has been shown not to be the case for 
Nucella. It was of no surprise then that grovrt± rate of 
pre-reproductive Nucella provided the closest correspondence between 
predicted and observed foraging behaviour since grov/th rates reflect 
the net value of a food item to the consumer. 
Sane previous studies on prey size selection in relation to 
profitability based on E/T^^ have similarly shown that predators select 
prey smaller than the predicted optimum (Elner & Hughes, 1978; Hughes & 
Dunkin, 1984) while others have shewn a close correspondence between 
predicted and observed behaviour (e.g. Kislalioglu & Gibson, 1976). It 
would not be expected that the disparity between the two models of 
profitability as shown in this study v/ould be of cr i t i c a l importance in 
a l l prey size selection situations, tfliere a l l meal sizes within the 
range of prey sizes under consideration are small canpared with the 
digestive capacity of the predator, for example with planktivorous 
fish, i t would be unlikely to obtain such a dramatic drop in gross 
growth efficiency with increasing prey size as was witnessed here. 
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In the present predator:prey regime the quantification of the grcMth 
value of different mussel sizes for developing Nucella. provides an 
insight into not only prey selection behayiotir but also the effect of 
the predator on the observed distribution of prey. Ihe distribution of 
prey species has been shovm previously to be radically affected by the 
predatory behaviour of rauricean gastropods (Connell, 1961; Menge, 
1978a, 1978b; Suchanek, 1978). Relatively large mussels, v/hich were 
less profitable in growth terms, were less readily consumed by Nucella 
than smaller prey. Reluctance to feed on large mussels suggests that 
^iytilus may achieve a size refuge from predation by Nucella, as 
indicated to occur for the prey of other drilling gastropods (Ansell, 
1960; George, 1965; Taylor, 1970; Dayton, 1971; Ajdegoke & Tevesz, 1974; 
Franz, 1977; Edwards & Heubner, 1977; Palmer, 1983). 
The existence of an upper prey size, above which the probability of 
predation is small, might act to stabilize single predator:prey 
interactions since those prey individuals, which by virtue of their of 
size are relatively immione to attack, have a significantly greater 
reproductive output than smaller individuals. 
The absence of relatively large mussels within the zone inhabited by 
Nucella may reflect a high predation intensity, few mussels survive to 
a size affording predation immunity. Environmental limitation to 
mussel size is precluded by a comparison of the size frequency 
distributions of mussels on various areas of the same rock. The S.E. 
facing slopes of the rocks at Whitsand Bay supported a lew density of 
Nucella, due probably to high temperatures and desiccating conditions 
during emersion. Similarly on the N.W. facing rock surface, although 
there was not a clear demarcation line, Nucella density v/as 1cm on the 
higher reaches of the rock. The visual impression that within these 
two areas mussels achieved a greater size than within the Nucella zone 
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was confirmed by sampling the mussel population fran the three 
contrasting regions {Fig. 88). 
Thus i t appears that v/here predation intensity is high a size refuge 
for mussels is rarely achieved, but a spatial refuge for the breeding 
population can be gained by the mussels being more tolerant of high 
temperatures and desiccating conditions than their predators. 
In regions of mussel bed inhabited by Nucella the effects of their 
predatory activity may be viev/ed as advantageous to their survival and 
growth of the population. '^Jhereas above the Nucella zone the ntussels 
formed extensive tightly packed beds, within the Nucella zone areas 
cleared of mussels, as a result of v/helk predation, resulted in patches 
of bare rock. Such patches provide space for egg capsule deposition 
and are available for mussel recruitment thereby providing food of a 
suitable size for young whelks. Mditionally the patchy distribution 
of mussels afford sane protection fran wave action for the adult whelks 
which aggregate around the periphery of mussel clumps, particularly 
v/hen feeding. High predation intensity on raussels also has the effect 
of preventing raussels from growing to their size refuge, ensuring that 
the majority of the prey population are within an optimum size range 
for the consumer. 
However should the predation intensity increase sufficiently to 
exclude raussels locally, as appears to have happened on some rocks at 
t'?hitsand Bay, barnacle and limpets, alternative prey for Nucella, 
recolonize the area. The behaviour of the predator, to switch to the 
new prey type or migrate in 'search' of mussels, their preferred prey 
(Hughes & Drewett, 1985), v/ould affect the si±)sequent fate of the area. 
If Nucella remained in the patch feeding on barnacles, but then 
s^vitched back to mussels as they became re-established, behaviour that 
might be expected from the work of Hughes and Drewett (1985), there 
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Figure 88, Comparison of the s i z e frequency 
d i s t r i b u t i o n of mussels from d i f f e r e n t areas 
of the same rock at IVhitsand Bay, 
1) on the N.W. facing side, 
within the Nucella zone, 
12 ScimpleSj t o t a l surface area 
n = 2246, 
sampled January 1985, 
2) on the N,W, facing side, 
above main Nucella zone, 
12 samples, t o t a l surface area = 0,12m 
. n = 4596, 
sampled March 1988, 
3) on the S.E. facing side, 
same t i d a l l e v e l as 1), 
2 
1 sample of 0,15m , 
n = 3602, 
sampled March 1985, 
(Data f o r 3) supplied by C, Worrall, Pl3nnouth 
Marine Laboratory), 
= 0,12m^ 
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would be l i t t l e opportunity for the ntussels to beccme dominant again. 
Only where the population density of the predator shov/ed a considerable 
decline might one expect raussels to be able to re-establish. 
Although l i t t l e of the v7ork presented here v/as concerned 
specifically v/ith identifying constraints that might act to alter the 
optimal foraging strategy of Nucella in the field, seme observations 
can be invoked to address this question. 
The high proportion of hatchlings that were unaccounted for in the 
field study and their low degree of tenacity suggest that v/ave action 
poses a real threat to their survival. Jtost predatory attacks by the 
young juveniles were made through the anterior, and hence thickest, 
part of the mussel shell as i f drilled frcxn beneath the mussel bed. 
ifereover, the diet breadth of young Nucella equalled that of larger-
individuals, v/ith a general tendency for the small individuals to 
consume prey in the field which were larger than the optimum. {In the 
laboratory however, in the absence of constraints, large prey were 
rarely eaten). One possibility is that from their sheltered position 
under the mussel mat the detection of prey size was made more difficult 
and mistakes more likely to occur. 
Ihese obse3::vations suggest that the constraint of being washed off 
the rock has been a raore powerful selective pressure than the need to 
increase foraging efficiency by selecting the thinnest part of the 
mussel shell or the most profitable prey size. The pronounced negative 
phototactic response could have evolved as a mechanisra for avoiding 
micro-habitats exposed to wave action. 
Mortality of late juvenile and adult whelks was low, as evidenced by 
the repeated recapture of marked individuals in the field. Apart fran 
the occasional activity of oystercatchers there v/as l i t t l e evidence of 
predatory pressure upon the larger Nucella, and the realization of the 
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potential risk of dislodgement was v/itnessed only during severely 
storny weather. Furthermore for the older V7helks there was no evidence 
that the activity of feeding rendered them more likely to dislodgement 
by wave action than non-feeding activities. Indeed, i f anything, the 
whelks were more difficult to dislodge v/hen engaged in feeding. At 
what size dislodgament ceases to be a real danger v/as not determined 
but i t v/ould he interesting to see i f i t correlates with an ontogenetic 
decline in the negative phototactic response. 
Ihe physical rigours of intertidal l i f e , with alternating periods of 
submersion and aversion, might be thought to act as a constraint on the 
foraging behaviour of Nucella and hence result in reduced growth rates 
in the field canpared with those obtainable in laboratory conditions. 
When, in the laboratory, Nucella were provided with anersion periods 
longer than those experienced within the normal distribution range of 
the species, grov/th rates v/ere significantly reduced. La-/er g r a ^ 
rates with increasing aerial exposure were shown not to be entirely the 
result of reduced feeding rates, but rather the inability to produce 
shell and hence less efficient use of the food consumed. 
It was surprising to find that where comparisons could be made 
between laboratory and field grarfth rates the latter, although reduced, 
were in sane cases approaching the maximum observed in the laboratory. 
For example, mean linear shell increment of juveniles collected from 
Whitsand Bay and starved for one week was 0.38mm/v/eek (section 4.3.2), 
canpared with the asymptotic mean grov/th rate of 0.42ram/v/eek for snails 
dvuring the week of starvation following ad libitum feeding in the 
continuous immersion system (Fig. 40). Less strikingly, mean growth 
rates of 5 to 20ram whelks whilst feeding in the laboratory on a range 
of prey sizes was O.SSnmi/week (n = 80, S.D.= 0.39mm/week) (section 4.3) 
canpared v/ith mean grov/th rates achieved in the field fran July to 
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August for v/helks up to 20imi length of 0.62min/v7eek (n = 39, S.D.= 
0.24inm/v7eek) {section 3.4). Thus grov/th rates in the field were 73% of 
those observed in the laboratory at a similar water temperature. 
These two observations suggest that, with the exception of the 
smallest Nucella and where food, as mussels, is relatively abundant, 
the physical rigours of intertidal l i f e experienced by the whelks at 
their normal tidal range do not, in themselves, impose significant 
constraints on the foraging and gro;^ /th activity of juveniles of this 
species. 
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A P P E N D I C E S 
APPENDIX 1 LIFE HISTORY GROWTH STUDIES 
The pattern of growth over the l i f e of seven individual Nucella 
lapillus fed ad libitum on raussels in the laboratory v/as recorded. 
Method 
Ripe egg capsules collected fran" Whitsand Bay v/ere kept in the 
continuous immersion system (section 2.3.1) until hatching occurred. 
The feeding and housing regimes provided for the whelks changed as they 
grew. Fra"n hatching to •4ram length the snails were maintained in 
separate wells of a nmlti-well plate (section 2.3.2) and provided with 
ten mussels in the range 1.5 to 2.Sram length. At 4mm the whelks were 
transfered to small glass vials (measuring 35mm by 22mra diameter) 
escape being prevented by a gauze top and provided with ten mussels in 
the range 4 to 5nKn length. Fran 8 to 24ran the whelks were housed in 
separate snnll green pots (section 2.3.2) and given tv/elve mussels in 
the length range 10 to 11 ram. Once larger than 24ram the whelks were 
transfered to large green pots (section 2.3.2) and provided with five 
23 to 25mm mussels as prey. Throughout the t r i a l the animals were 
housed separately and accanmodated in the continuous immersion systan. 
Every four to five days the length (to within O.lmra) of the 
developing snails was determined using a binocular microscope and 
graduated eye-piece for snails too fragile to handle, and subsequently 
vernier calipers. Consumed prey v/ere counted and replaced with fresh 
raussels. 
Results 
A l l snails grev/ for at least four months during vtoch time grov/th 
was fairly continuous, and lived for at le&st six months (Fig. 89). 
For a l l snails there was a fairly abrupt cessation of feeding, and 
hence gravth, sanetime before death occurred. Only two of the seven 
-Alr^ 
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Figure 89. Growth of individual Nucella in the continuous immersion system, 
fed ad libitum on mussels, and measured every 4-5 days. Vertical bars 
denote death of the whelks, t r i a l s were discontinued in March 1986. 
snails reached 25nm length, an adult size,, before dying. 
Following hatching the majority of snails shov/ed increasing 
increment of shell length with time until a size of approximately. 6mm 
was reached, after v/hich growth rate was constant until either feeding 
stopped or the whelks reached approximately 20n5n length. In general 
grov/th rate declined beyond a length of 20mm. Mean grov/th rate of the 
seven individuals for the period from 6 to 20mm length (or maximum 
size) v/as 1.13ram/week (S.D.=0.16mm). Ihe two individuals that grew 
beyond 25mm length took 22.4 and 26.3 weeks to grow fran hatching to 
25mm. 
Comnents 
1. Growth rates of N. lapillus under laboratory conditions (15°C, 34%i) 
are sufficiently rapid to enable adult size to be reached in six 
months. 
2. However after four to six months of continual submersion both 
feeding and grov/th ceased. 
3. '^/helks continued to live for at least two months following the 
cessation of feeding. 
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APPENDIX 2 FUNCTICailAL RESPONSE OF NUn -^T-A FEEDING MUSSELS 
^fost invertebrate predators shov/ a type II functional response 
(Holling,1959). An investigation was conducted into the effect of prey 
density on the feeding rate of juvenile Nucella to ensure that during 
si±>sequent feeding trials the densities used v/ould be at the asymptote 
of a possible functional response curve. 
Method 
In each of four experiments, spanning a range of predator sizes, 
five prey densities (8, 12, 16, 24 & 32) were establish^ in the 
experimental pots in the continuous inmersion systan (section 2.3,1). 
One Nucella was introSuced to each pot and allowed to feed for between 
9 and 14 days. After the allotted period drilled prey were ranoved and 
counted, but there v/as no replacanent of prey during the experiment. 
Results 
The feeding rate is given in table 33, Feeding rate was independent 
of prey density (ANOVA, F= 0,70, d,f,= 4,15, NS) so at these densities 
the v/helks are not limited by encounter rate, 
Carment 
Ihe surface area of prey in the grovrtli (section 4,3,2) and selection 
(section 6.2) ej^^eriments f e l l aboVe or within the range presented 
here. 
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Nucella Prey Days of 
size(mm) size(mm) feeding 
4.1- 4.8 4- 6 9 
14.3-16.0 13-15 14 
14.8-15.8 14-16 12 
17.9-19.1 18-20 12 
Table 33. Effect of mussel 
juvenile Nucella lapillus. 
Feeding rate number/day 
Prey density 
8 12 16 24 32 
0.56 0.56 0.67 0.44 0.56 
0.43 0.21 0.28 0.50 0.36 
0.25 0.42 0.50 0.58 0.50 
0.50 0.42 0.25 0.58 0.67 
ey density on the feeding rate of 
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APPENDIX 3 TENACITY OF NUfT^ TJ.A 
The effect of Nucella size on an a r t i f i c i a l measure of tenacity was 
determined. An estimate v/as gained of the relative risk of 
dislodganent of snails whilst submerged, emerged and feeding, 
jyiethod 
V?helks in the size range 8.6 to 29.0mm were collected fran IVhitsand 
Bay, numbered with quick drying cellulose paint and their total shell 
length and aperture length (Crothers, 1974) measured. To each snail 
was attached a terry clip of an appropriate size to grip the shell 
firmly but not to impede movanent. 
Ejcperiment 1: Effect of \-ihelk. size on tenacity whilst subiierged. 
Equipped with their terry clips, the snails were allowed to attach 
thanselves to a slate t i l e submerged in the continuous imnersion systan 
(section 2.3.1). After a period of not- less than 5 minutes the snails 
were lightly tapped to allow them to secure a grip of the substratum 
and a spring balance was carefully hooked under the clip ajnd a steady 
upwards force applied. The force required to dislodge the snail frcm 
the t i l e was recorded. The range and accuracy of the balance used 
depended on whelk size. For large snails a spring balance in the range 
0 to 500 grams was used, readings taken to the nearest 10 grams, for 
smaller snails the balance was in the range 0 to 100 grams, readings 
being possible every 5 grams. Six meastoranents were thus made for each 
of sixty-eight snails, with a period of at least ten minutes between 
trials for any one whelk. 
Experiment 2: Effect of v^elk size on tenacity at simulated low tide. 
The same batch of snails was fitted up as above and allowed a 
minimum of thirty minutes for attachment whilst submerged. The slate 
t i l e was then gently lifted out of the water and held vertically to 
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dislodge unattached snails. The whelks renaining on the slate were 
left exposed in the laboratory for one hour to simulate low tide, after 
v/hich time the surface of the slate vras dry. The force required to 
detach the whelks from the slate was measured as in experiment 1, 
Experiment 3: Effect of size on tenacity whilst feeding. 
Clumps of mussels v/ere scattered at randan on the submerged slate 
and the whelks, with their clips, allowed to forage. After a period of 
approximately 18 hours, for those whelks positioned on mussels in a 
potential feeding position, measurements were made of the force 
necessary to detach them v/hilst submerged. Microscopic examination of 
the mussel shell at the point of v/helk contact revealed i f the whelks 
had been inactive, drilling or ingesting. 
Results 
Ihere vras considerable variation in the force required to dislodge 
v/helks v/hilst submerged, both between individuals of a given size and 
within the six trials for any one individual. The mean force of the 
six trials for each individual is shown in figure 90 as a function of 
Nucella size. Clearly the tenacity of, N i lapillus increases 
exponentially with increasing size, and can be described by the least 
squares regression equation; 
log^ipf = -1,33 + 2.52 log^jgL 
where f^  is force in grams, L is length of Nucella in mm. (F = 636.5, 
d.f.= 1,66, P<0.001). 
The maximum force increased in the same manner v/ith increasing 
Nucella size and can be described by the least squares regression 
equation; 
log^ Q^maxf = -1.26 + 2.59 log^jgL 
v^ere maxf is the maximum force in grams of six trials, L is length 
(ram) of Nucella. (F = 545.3, d.f.= 1,66, P<0.001). 
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Figure 90, Effect of Nucella length (mm) on the 
mean (of six t r i a l s ) force (g) required to 
dislodge snails from the substratum whilst 
submerged. 
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The force required for dislodgement following a simulated low tide 
of one hour was determined for thirty snails, each snail having one or 
tvra trials. Out of a total of forty-six trials, taventy-one f e l l above 
the range displayed by the whelks V7hilst sufcmerged, tv/enty-two were 
within the range and three were below (Fig. 91). 
Only six trials on six separate snails were conducted to determine 
the tenacity of Nucella whilst feeding. In five of these trials the 
force required to dislodge the whelks f e l l above the range exhibited 
whilst sufcmerged (Fig. 91), these snails were a l l either drilling or 
ingesting. For one individual the force required whilst feeding f e l l 
below its submerged range, this whelk was drilling a marginal hole. 
The mean ratio of shell length (L) to aperture length (A^) was 1.55 
(S.D.=0.08), L/Ap increased with increasing size of Nucella, (Fig. 92). 
OoiMients 
1. Both whilst submerged and onerged the force required to dislodge N. 
lapillus increased exponentially with shell length. 
2. In general tenacity of snails after one hours exposure to air v/as 
greater or equal to their tenacity in water. 
3. In general the tenacity of snails was greater whilst feeding than 
when attached to rocks under water. 
4. The experimental procediore was not a good simulation of the major 
cause of dislodgenent in the natural environment, namely water 
movement. Since vrater movanent would generally exert its force on the 
side of the snail, larger snails would offer more resistance than 
smaller snails. To v/hat extent the increase in surface area of the 
foot, and hence tenacity, would be offset by the increase in shell 
surface area for the force of water movements to act upon cannot he 
judged. Ideally sane form of 'water tunnel' is required but in the 
laboratory i t is difficult to generate the necessary forces. Despite 
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Figure 91. Forces (g) required to dislodge 
individual Nucella under varying conditions. 
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0-. = force required after one hour in a i r . 
• = force required whilst feeding. 
The Nucella are arranged in ascending length 
order, sizes (mm) are given for every f i f t h 
individual. 
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this drawback the results suggest that for a given size of snail 
neither the activity of feeding nor short periods of emersion 
constitute a greater risk of dislodgement than when whelks are 
submerged. 
5. The mean value for the ratio total shell length to aperture length 
was high canpared with those reported by Crothers (1974) for exposed 
shores. 
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APPENDIX 4 SIZE-FREQUENCY DISTRIBUTION OF NUrKT.TA OSf ROCKS AT RHOSSILI 
The size-frequency distribution v/as determined for a population of 
Nucella lapillus on c l i f f s between Kitchen Comer and Rhossili 
(National Grid reference SS 403876) on the Gaver, South Wales in 
September 1985. The c l i f f s are nearly vertical, the pitted surface of 
the limestone rock providing shelter for a dense population of v/helks. 
r4ethod 
Samples of N. lapillus were collected fran three separate rock faces 
at two heights, 2.4m apart vertically. The upper sample v/as taken from 
a region with virtually 100% cover of live and dead barnacles, while 
the lower sample had approximately 50% barnacle cover, 35% cover of 
small mussels and 15% of bare rock. Each of the six, samples consisted 
of the f i r s t one hundred Nucella individuals fran a 10cm deep 
horizontal band selected at randan fran the appropriate area. A l l the 
whelks collected were measured in length to the nearest 0.1mm. 
Results 
Data fran the three rocks were combined to provide the 
size-frequency distribution for both lower and upper shore positions 
(Fig. 93). Over one half of the whelks (180 out of a total of 302) 
found at the lower site were less than 7nim in length, with generally 
progressively fewer in each size category as size increased, less than 
2% were over 16mm in length. In contrast the upper shore distribution 
was roughly tri-modal, with peaks at lengths of 5mm, 10 to 11mm and 
22ram. Overall there was a greater proportion of larger snails at the 
upper shore position. 
Comments 
1. At the time of sanpling no egg capsules were visible on the rocks, 
so movement of hatchlings following onergence could not be established. 
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2. Ifeximura size of whelk and size of v/helks in the 'adult' peak v/ere 
smaller than observed at '^Jhitsand Bay. 
3. As at Whitsand Bay there was a greater proportion of small snails on 
the lower shore than on the upper shore. 
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APPENDIX 5 SURFACE AREA-LENGTH RELATIONSHIP OF MUSSELS 
Since the shell shape of mussels shows considerable plasticity in 
response to environmental conditions (Seed, 1958), the relationships 
between length and surface area and betv/een length and height (appendix 
6) v/ere determined for raussels from ^-Jhitsand Bay. 
Method 
The surface area of a range of mussel sizes was determined by 
v/rapping cling film around one valve and drav/ing on the cling film at 
the edges of the shell. The area enclosed by the outline thus obtained 
v/as determined by superimposing the cling film on graph paper. 
Results 
2 
Surface area (S^  mm ) v/as related to length (L mm) by the least 
squares regression equation; 
S = (0.883 + 0.99 L)^ 
(F = 3064, d.f.= 1,8, P<0.601). 
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APPENDIX 6 LENGTH-HEIGHT RELATIONSHIP OF MUSSELS 
Method 
The length and height of drilled mussel shells collected fran the 
field in March, Septsnber, October and Novanber 1985 (section 3.2) were 
measured to within 0.1 ram. 
Results 
For each month separately the height (H mm) of mussel shells v/as 
related to their length (L mm) by least squares regression analysis -
see belov/ 
r F d.f. P 
March H = 1.37 + 0.43 L 0.98 3993 1,181 <0.001 
September H = 1.06 + 0.44 L 0.99 3766 1,93 <0.001 
October H = 1.04 + 0.44 L 0.99 9627 1.185 <0.001 
November H = 0.97 + 0.45 L 0.99 4242 1,94 <0.001 
Conment 
IMder these models the height is approximately half the length, with, 
raussels getting relatively 'slimmer' as length increases. Calculated 
heights (in rara) at sample lengths are given belcw. 
raussel length 
10ram 20ram 30mm 
March 5.7 9.9 14.2 
Septanber 5.5 9.9 14.3 
October 5.5 9.9 14.3 
Novanber 5.5 10.0 14.5 
-A17-
APPENDIX 7. SPECIES FOUND IN THE SAME ZONE AS NUCELLA AT WHITSAND BAY 
PHmjM 
Porifera 
SPECIES 
Halichondria panicea (Pallas) 
Scypha conpressa (Fabricius) 
Myxilla sp. 
Coelenterata Actinia equina L. 
Bryozoa Electra pilosa (L.) 
Annelida Spirorbis borealis Daudin 
Ponatoceros triqueter (L.) 
Eulalia viridis (O.F.. Muller) 
Perinereis cultrifera (Grube) 
Arthropoda Balanus perforatus Bruguiere 
Sanibalanus balanoides (L.) 
Chthamalus montagui Southv/ard 
Gammarus sp. 
Idotea viridis (Naylor) 
Cancer pagurus L. 
Carcinus maenas (L.) 
Nymphon gfacile Leach 
Mollusca Palio dubia (M. Sars) 
Acanthochitona crinitus (Pennant) 
Lepidochitona cinereus (L.) 
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Patella vulqata L. 
Patella depressa (Pennant) 
Gibbula umbilicalis (da Costa) 
ivfonodonta lineata (da Costa) 
Littorina littorea (L.) 
Rissoa parva (da Coasta) 
Cinqula cinqillis (Montagu) 
Nucella lapillus (L.) 
Odostotnia scalaris Macgillivray 
Onchidella celtica Forbes & Hanley 
Mytilus edulis L. 
Hiatella arctica (L.) 
lasaea rubra (Montagu) 
Palmaria palmata 
Ceramium flabelligerum 
Ceramium shuttleworthianum 
Porphyra imibilicalis 
Corallina officinalis 
Lomentaria articulata 
Gigartina stellata 
Laiirencia pinnatifida 
Lithophyllum incrustans 
Rhodymenia pseudopalmata 
Polysiphonia sp. 
Fucus serratus 
Dictyota dichotona 
Cladostephus spongiosus 
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Phaeophyta 
(continued) 
Leathesia difformis 
Palfsia sp. 
Chlorophyta Ulva lactuca 
Entercmorpha linza 
Cladophora sp. 
Visited by: Turnstones 
Herring gulls 
Qystercatchers 
1. The keys used in the identification of the seaweeds (Hiscock, 1979, 
1986) did not provide authorities. 
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APPENDIX 8. FORTRAN PROGRAM TO DETEI^INE LENGTH OF 
WALK AND ANGULAR DEVIATIONS FROM CO-ORDINATE DATA. 
C DISTANCES AND ANGLES MOVED BY HATCHLINGS 
C X(I), Yd) = COORDINATE POSITIONS 
C DX(I), DY(I) = DISTANCES MOVED ALONG X AND Y AXES ON WALK (I) 
C D(I) = ACTUAL DISTANCE MOVED ON WALK (I) 
C A(I) = ANGLE MOVED WITH RESPECT TO POSITIVE X AXIS ON WALK (I) 
C C(I) = ANGLE OF TURN AT BEGINNING OF WALK (I) IN RADIANS 
C DEG(I)= ANGLE OF TURN AT BEGINNING OF WALK(I) IN DEGREES 
REAL X(0:100),Y(0:100),DX(0:100),DY(0:100),D(0:100),A(0:100) 
REAL C(0:100),DEG(0:100) 
CALL READIN (X,Y,N) 
A(0)=0 
DO 20, 1=1,N 
DX(I)=X(I)-X (I-l) 
DY(I)=Y(I)-Y(I-1) 
C TO CALCULATE DISTANCE MOVED 
D(I)=SQRT((DX(I)*DX(I))+(DY(I)*DY(I))) 
C TO CALCULATE ANGLE OF WALK (I) WITH RESPECT TO POSITIVE X AXIS 
IF (DX(I).GT.O) THEN 
A{I)=ATAN (DY(I)/DX(I)) 
ELSE IF (DX(I).LT.O .AND. DY(I).GE.O) THEN 
A(I)=ATAN (DY(I)/DX(I))+2*ASIN(1.0) 
ELSE IF (DX(i).LT.O .AND. DY(I).LT.O) THEN 
A (I)=ATAN(DY(I)/DX(I))-2*ASIN(1.0) 
ELSE IF (DX(I).EQ.O .AND. DY(I).GT.O) THEN 
A(I)=ASIN(1.0) 
ELSE IF (DX(I).EQ.O .AND. DY(I).LT.O) THEN 
A(I)=ASIN(-1.0) 
ELSE IF (DX(I).EQ.O .AND. DY(I).EQ.O) THEN 
A(I)=0 
END IF-
C TO CALCULATE ANGLE OF TURN AT BEGINNING OF WALK (I) 
IF (A(I).NE.O) THEN 
C(I)=A(I)-A(I-1) 
IF (C(I).GT.2*ASIN(1.0)) THEN 
C(I)=C(I)-4*ASIN(1.0) 
ELSE IF (C(I).LT.2*ASIN(-1.0)) THEN 
C(I)=C(I)-f4*ASIN(1.0) 
END IF 
ELSE IF (A(I).EQ.O) THEN 
C(I)=0 
A(I)=A(I-1) 
ENDIF 
IF (I.EQ.N) THEN 
PRINT *, 'PROGRAM COMPLETE' 
ENDIF 
20 CONTINUE 
DO 40, 1=1,N 
DEG(I) = (C(I)/(2*ASIN(1.0) ))*180 
40 • CONTINUE 
DO 30, 1=1,N 
WRITE (6, 600) I, X(I) ,Y(I) ,D(I) ,A(I) ,C(I) ,DEG(I) 
600 FORMAT (13, 2X,5(F6.2,2X),F6.1) 
30 CONTINUE 
STOP 
END 
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